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A Computer Code for a One-Dimensional
Dynamic Model of the Mesosphere and

Lower Thermosphere

1. INTRODUCTION

T.J. Keneshea, one of the authors, pioneered studies of the numerical solution

of sets of continuity equations in the atmosphere. He was the first to find that these

equations were "stiff" and were not solvable efficiently by any numerical technique

then available. His efforts 1 , 2, 3 led to a computer simulation of the composition of

the upper atmosphere that could be run inexpensively on the large scale computers

available in those days. After these computer codes were applied to the undis-

turbed atmosphere 4 and to several natural 5 and manmade atmospheric disturbances,

it became apparent that they could not predict long term atmospheric behavior.

(Received for publication 1 March 1984)

1. Keneshea, T.J. (1962) A Computer Program for Solving the Reaction Rate
Equations in the E Ionospheric Region, AFCRL-62-828.

2. Keneshea, T.J. (1963) A Solution to the Reaction Rate Equations in the Atmos-
phere Below 150 Kilometers, AFC RE-W3-711.

3. Keneshea, T.J. (1967) A Technique for Solving the General Reaction Rate
Equations in the Atmosphere, AFCR -'67-0221, AD654010.

4. Keneshea, T.J., Narcisi, R. S., and Swider, W., Jr. (1970) Diurnal model of
the E-region, J. Geophys. Res. 75:845-854.

5. Keneshea, T.J., and Fowler, R.J. (1966) Computed Electron, Ion, and
Neutral Density Profiles for the Solar Eclipse of 12 November 1966,
AFCRL-66-741, AD646975.
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Such simple computer codes, in which only chemical reactions among the atmos-

pheric gases are considered, are excellent for determining short term variations

of the atmosphere, but give completely erroneous results for solutions beyond a

few hours. In fact, these codes are valid only for solution times shorter than the

transport time constants for the various atmospheric gases.

It then became obvious that any realistic atmospheric simulation should be

based upon the equations of motion for the particles as well as their continuity

equations. This report describes in detail a computer scheme for solving large

sets of coupled partial differet,'ial equations of conservation of mass and momen-

tum and also presents the computer code itself with instructions for using it. Also

included are the results of an application of the code to the development of a one-

dimensional midlatitude winter simulation of the composition of the mesosphere and

lower thermosphere.

2. TtlE EQUATIONS OF STATE

Th' equation for the conservation of particles of a particular gas within a mul-

ticomponent gas mixture is

d ni  -
at = P. -n.L. - V'0i (1)

where ni is the concentration of species i, P. is the rate at which it is formed, and1

niL i is the rate at which it is removed through gas phase chemical reactions with

other members of the ensemble. The vector flux of the species, $., is induced by

a combination of all nonchemical processes. In this report, only molecular and

eddy diffusion will be considered in the flux term

ni. n.C. + n.V. (2)1 11 11i

where C. is the velocity of species i resulting from molecular diffusion and V. is

the velocity resulting from eddy diffusion. Since only the vertical distribution of

species is to be considered here, the continuity equation can be written as

=~i P. - n.. - (n i w + niv i  (3)

a t 1 - 0 1 i 11

where vi and v. are the vertical components of the velocities C. and Vi respectively.
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The equation of motion for a neutral gas particle in a multicomponent gas mix-

ture can be written as 6

CC. 1 _,(
+ V pi + -i1 V1 in T - - ii (C i -

aPi P j 

where Pi = nimi is the mass density of species i, cei is its thermal diffusion factor

in a multicomponent mixture, pi is its partial pressure, T is the temperature of

the mixture, -is the acceleration of gravity, and v.. is the collision frequency of

species i with species j. The equation of motion is written here in terms of the

collision frequencies between particles rather than the molecular diffusion coeffi-

cients in a multicomponent gas as was done by Keneshea and Zimmerman 7 and

Keneshea et al. 8 The pressure of the gas is simply

pi = n.kT (5)

where k is Boltzmann's constant. Therefore, in the one-dimensional case

1 . kT [ 1 n i (I cti)

-P i " i  n + aI + V Z ( 6 )

where m i is the mass of species i and H. = kT/mig is its scale height. The equa-

tion of motion in the vertical direction for a neutral gas particle can then be written

as

+ L + a. 6 + - 13Vi (w. - w j).(7
49 W 1 kT[1O I+c,t Mi i 5Z &-(Z

If inertial effects are ignored, then the equation of motion for ions and electrons in

the presence of both magnetic and electric fields are9

8; Chapman, S., and Cowling, T. G. (1970) The Mathematical Theory of Non-
Uniform Gases, Cambridge University Press

Keneshea, T.J., and Zimmerman, S. P. (1970) The effect of mixing upon
atomic and molecular oxygen in the 70-170 km region of the atmosphere,
J. Atmos. Sci. 27:831-840.

8. Keneshea, T.J., Zimmerman, S.P., and Philbrick, C.R. (1979) A dynamic
model of the mesosphere and lower thermosphere, Planet. Space Sci.
27:385-401.

Banks, P. M., and Kockarts, G. (1973) Aeronomy, Part A and Part B,
Academic Press, New York.

9



P. i
(si+-VPi - - (E +-C.xB) =-- i C j 8

9t M i  c i i (

and

0 C 1- q -+ - C.)

(9t Pe me c e ej e

where q is the particle charge, m is its mass, E is the total electric field vector,

c is the speed of light, and B is the magnetic field vector. After much algebra,

ignoring the horizontal component of the electric field as well as the horizontal

velocities of the particles, and assuming that the electron and the ion temperatures

are the same as the temperature of the neutral gas mixture, the equation of motion

for the vertical velocities of the ionic species becomes

kT sni I On 20T 11O1V+ + +

at mi Lniaz ne ag T H92

2+. Q-W Vj 2i IF i j(9)=- -w ~) + Pj

S2 2 sin2 I+(L Vi 239i 0

where n is the concentration of the electrons, I is the magnetic dip angle, and
e

B e
i (10)

mic

where B is the magnitude of the magnetic field and e is the charge on the electron.

The eddy diffusion velocity, taken from the formulation of Colegrove et al, 10is

Vi = -K 0z +T - + -- (11)

wh.cc K i3 the vertical eddy diffusion coefficient and H is the scale height of the

mean mass.

10. Colegrove, F.D., Johnson, F.S., and Hanson, W.B. (1966) Atmospheric
composition in the lower thermosphere, J. Geophys. Res. 71:2227-2236.

10
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Whenever a photodissociation rate coefficient is needed in the calculations. the 02

and 03 column densities are estimated and a simple table look-up is made for the

particular J required.

A s}iort discussion of each photodissociation process and the photodissociation

ratC coefficient tables are presented in Appendix B.

0.2 Tl' Ihlitoionization Rate Coefficients

R,,actions 185 through 191 and reactions 206 and 207 in the list of reactions in

Appendix A are the photoionization processes considered in this report. The EUV

solar fluxes, the total absorption cross sections for 02, N 2 , and 0, and the ioni-

zation cross sections for 02 , N 2 , 0, H, and He are listed in Table B21. The EUV
18solar flux(es from 1 to 121. 57 nm are from the compilation of Manson. The X-ray

19
fluxes below 1 nm are taken from Swider. The cross sections for total absorption

and for total photoionization of 021 N 2 , and 0 were obtained from a consideration

of reported experimental and theoretical values. References, definitions, and a

discussion of the absorption spectra can be found in Huffman 2 0 for wavelengths to

30. 4 nm. For shorter wavelengths, the values given by Swider 1 9 were used. A

discussion of some photoionization rate coefficients can be found in Keneshea and
21

Huffman. The photoionization cross sections for N, H, and He are taken from

Banks and Kockarts.

The photoionization of the metastable 0 2 (1 Ag) molecule has been included in

these calculations. The wavelength region of interest is from 102.7 to 111. 8 nm,

where ground state 02 is the primary absorber of the incident solar radiation but

is not ionized itself. The effective absorption coefficient for 02 and the ionization

cross section for 0 2(1Ag) are taken from Huffman et al.22 Nitric oxide is ionized

readily by Lyman ot radiation. The ionization cross section for NO at Lyman of is

2 x i0- I( crn as given by Watanabe. 23

18. MIanson, J. L'. (1176) Satellite Measurements of Solar UV During 1974,
AFCRL-TR-76-0006, AD A021490.

['. S,%vidcr, \V., Jr. (19!)6) Ionization rates due to the attenuation of 1-100A non-
tlart solar X rays in the terrestrial atmosphere, Rev. Geophys. 7:573-594.

20. Hluffnian, R.E. (1972) Photochemical processes. Cross-section data, Chap-
ter 12, in Defense Nuclear Agency Reaction Rate Handbook, DNA 1948H.

21. K1- n,.shea, T.J. , and Huffman, R.F. (1972) Solar Photoionization Rate Con-
stant: and Ultraviolet Intensities, AFCRL-72-0667.

-"2. EitYrnan, R.F., Paulsen, D.E., Larrabee, J.C., and Cairns, R.B. (1971)
D crease in D-region 02 (lAg) photoionization rates resulting from CO 2
aibs(nption, J. Geophys. Res. 76:1028-1038.

2. :' atanabe, Il. (1)54) Photoionization and total absorption cross sections of
ase. I. Ionization potentials of several molecules. Cross sections of

Nil,, and NO, J. Chem. P1hys. 22:1564-1570.
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The total rate coefficient is obtained simply by summing J.(A) over all the wave-

lengths.

_ a i(A ) Ni

j Z i 0o e (54)

6. 1 The Photodissociation Rate Coefficients

Reactions 192 through 205 in the list of reactions in Appendix A are the photo-

dissociation processes considered in this report. In computing the transmittance,

only molecular oxygen and ozone are considered as absorbers of the solar radia-

tion. In addition to these two species, the absorption and subsequent photodissoci-

ation of H 2 0, H 2 0 2 , NO 2 , NO 3 , N 2 0, HNO 2, CO 2 , and HO 2 are discussed in Ap-

pendix B. Also presented in Appendix B are the photodissociation of N2 0 5 , HNO 3 ,

CH 4 , and CH 2 0, even though these species are not included in the aeronomic cal-

culations discussed in this report.

The incident solar flux 1 (A) and the absorption cross sections for 02, 03,

H2 0, H20 2 , NO 2 , NO 3 , and N 2 0 used in calculating the photodissociation rate

coefficients are listed in Table Bl. The cross sections for 02 in the wavelength

region of the Schumann Runge bands (1 75-205 nm) are not tabulated here. In this

wavelength region, the molecular oxygen dissociation data of Hudson and Mahle 1 5

are used. The incident solar fluxes listed here are those tabulated by Ackerman. 16

In the wavelength region 123 to 190nm, however, the Ackerman fluxes have been
17

replaced by the measurements of Heroux and Swirbalus. The absorption cross

sections for N 2 0 , HNO 2 , HNO3, CH 4 , CO2 , CH 2 0, and HO 2 are listed in

Table B2.

In computing the time dependence of atmospheric composition, the computation

of the photodissociation rate coefficients using Eq. (54) can be a time consuming

process. As the solar zenith angle changes, the column densities N i will change

and, with them, the Ji's. It is desirable to have available tables of these coeffi-

cients that are not dependent upon specific distributions of molecular oxygen and

ozone. To kee, the tables perfectly general, therefore, the coefficients are com-

puted and tabulated in Appendix B as functions of the column densities of 02 and 03.

1.. fTudson, R. D., and Mahle, S. H. (1972) Photodissociation rates of molecular
oxygen in the mesosphere and lower thermosphere, J. Geophys. Res.
77:2902-2914.

16. Ackerman, M. (1971) Ultraviolet solar radiation related to mesospheric pro-
cesses, in Mesospheric Models and Related Experiments, G. Fiocco, Ed.,
I). Reidel, Dordrecht, Netherlands.

1-. Ileroux, L., and Swirbalus, R.A. (1976) Full-disc solar flares between 1230
and 1940 A, J. Geophys. Res. 81:436-440.
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the composition of the atmosphere is computed, the dissociation and ionization of

atmospheric gases by incident solar radiation must be considered. In most calcu-

lations, these photoprocesses are handled as chemical reactions. Consequently,

the rate coefficients for dissociation and ionization of the various gases must be

known.

The photodissociation and photoionization rate coefficients for a gas particle at

any altitude in the atmosphere is a product of the flux of the solar radiation arriv-

irig at that altitude and its photodissociation, or photoionization cross section.

Several excellent reviews of the absorption properties of atmospheric gases can be

found in the literature. Among these are Hudson 1 2 and Johnston and Graham. 13

Also, an excellent survey article by Turco 1 4 includes a discussion of photodisso-

ciation processes for several gases.

Beer's Law expresses the fractional transmission of radiation through a gas

mixture

T(,) = I(X) = e-T(X) (51)
lo(w)

where I() is the intensity of the incident radiation, I(A) is the intensity of the

transmitted radiation, and (k) is the optical depth of the absorbing layer, all at

the wavelength A,. The optical depth is given by

-r(X) = Z ai(X)N i  (52)
i1

where ai(A) is the absorption cross section of the i'th type of particle and N. is the2 1

total number of particles of this type in a crn column along the ray path to the sun.

The rate coefficient for the photoprocess for j-type particles at wavelength X

is determined by

J.(X) = 0.' (X) I (X) T(A) (53)

where &(A) is the cross section for photodissociation or photoionization of the gas.
3

12. }Iudson, R.D. (1971) Critical review of ultraviolet photoabsorption cross
sections for molecules of astrophysical and aeronomic interest, Rev.
Geophys. Space Phys. 9:305-406.

13. Johnston, H.S., and Graham, R. (1974) Photochemistry of NO and HNO
compounds, Can, J, Chem. 52:1415-1423. x X

14. TuLrco, R. P. (1975) Photodissociation rates in the atmosphere below 100km,
Geophys. Surveys 2:153-192.
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Therefore, the average collision frequency for charge exchange is

Vin = 1.73725 n Y. (48)

The average reduced charge exchange collision frequencies between like particles

are given in Table 2. Again, it is assumed that the ion and neutral gas tempera-

tures are equal.

Table 2. The Average Reduced Charge Ex-
change Collision Frequencies Between Like
Particles

H+ + H 1. 0x 10-10 H (2T)1/2

0 + 0 1.6 x 10 -1 1 0 (2T)1/2

N+ + N 1.7 x 10 - 11 N (2T)1/2

He+ + He 3.0 x 10-11 He (2T)1/2

0+02 1. x 02 (2T)1/2

+
N 2 + N2  2.2 x 10 11 N2 (2T)1/2

The average ion-ion momentum transfer collision frequency is given by

Fij = 1.3 n j(/ 2 T3 / 2 )sec (49)

assuming that the charge states of the colliding particles are both unity.

The collision frequency between i and j -type particles is then simply

mi
V.m (50)

ij (mi + mj) ')

0. 'I'l : C:.IE 11l I'l ! ' i) iP ti()Fo(:ilEM I. STlY

The chemical reactions included in this model are listed in Appendix A. When
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Table 1. Polarizabilities of
Neutral Gases

GAS ot(10-24 cm 3)

N2  1.76

02 1.59

02( Ag) 1.59

0 0.79

II 0.667

H 2  0.82

N 1.1

N( 2 D) 1.1

NO 1.74

He 0.21

N 2 0 3.00

CO 2  2.63

CO 1.97

Let

- a=- (46)QE v

where Y is the chemical reaction rate constant and v is the velocity of the colliding

particle.

Since

=(3kTl , then

- 4 n16kT " (47)
in 3 7r(3kT 1/2

20
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5. COLLISION FREQUENCIES

A good review of collision processes can be found in Banks and Kockarts.

All of the material that follows was taken from that source.
The average neutral-neutral collision frequencies are given by

V.. 2n. 2(27kT) 1/2 sc

ij 2n. i i / sec (43)

where /i, the reduced mass, is given by

mira

m i + M

and

CT..= i(0 + 0.
iJ 2 1

where ai and a. are the diameters of the colliding particles.

The average collision frequency for momentum transfer between ions and
neutral particles is

9 /c, 1/2 -
.in = 2.6 x 10 nn / sec (44)

where nn is the concentration of the neutral particles, ce is the neutral gas-2 3atomic polarizability in units of 10 2 4 cm , and p is in amu. Table 1 lists the po-

larizability of several atmospheric gases.9

The average collision frequency for charge exchange between unlike particles

is given by

vin -n m) (2T)I/ 2 1 (45)

where QE is the average charge transfer cross section for ion-neutral collisions.
In Eq. (45), the ion and neutral temperatures are assumed to be equal.

19
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The calculation of FK, however, requires the upper boundary velocity at the

end of the time step. At the upper boundary, O2, NO + 03P OH, H, HO 2 , H 2 0,

H 2 0 2 , H 2 , NO 2 , 02 (1 Ag), and argon are all minor species. It is assumed, there-

fore, that they are in diffusive equilibrium there. This means that their diffusion

velocities are zero at the upper boundary, but they are still subject to the mean

mass motion.

The remaining species, however, do have diffusion velocities at the upper

boundary that must be defined. It is impossible to calculate the upper boundary

velocities from Eq. (18) because concentrations are required at K + 1. Since this

altitude is outside the volume, the concentrations are not known there. Therefore,

to estimate the velocities at the upper boundary at the end of the time step, we in-

vestigate the continuity equation, Eq. (3), at the upper boundary where v. = 01

(since the upper boundary is outside of the turbulence region).

an i  4

&n az1t - P.I - n.L. - g (niw.)" (41)

Setting the time derivative to zero and solving the resulting equation for

dwi/dZ gives

dw. w. dn. P. - n.L.
.U 1= _ + 1 11 (42)

dZ n. dZ n.
1. 1

This ordinary differential equation can be solved numerically over the last height

step to give values of w i at the upper boundary. Since Eq. (42) is solved in every

iteration, the final iteration will give the upper boundary value of w. at the end of
1

the time step.

The new concentration profiles at t + At are therefore computed as follows:

Starting at the lower boundary, the E and F arrays are computed in the increasing

height direction up to the upper boundary. The new concentrations are then com-

puted starting at the upper boundary and applying Eq. (27) in the decreasing altitude

direction down to the lower boundary. This procedure is repeated over each time

step until the solutions converge for that time step. Once a solution has been ac-

cepted, the time step is doubled (provided it has not reached the maximum value set

by the program). Using the concentrations and velocities computed at the end of

the last time step, the equations are solved over the next time step. In this manner,

the solution advances.

18



Eq. (36) can be written as

where

-~m CmAZK

BK A-A Z [1 zA
KKLKK kTK i K1 Kw

CK CK

D=Dj. (38)

Eq. (28) can be rewritten at level K as

E = AK

EK i -'-2

* and

DK+ C2 KFK
F K- (39)

K KK-i1

It is obvious, then, that

E =0
K

and

DK+ CK K-I

KK[1K ~K kTKv 13(K K-w-)1

* 17



L+1 n-e+ P+ At (0

no l+ LLe+ IAt]
0

E0and F 0at the lower boundary are simply

E=0

0

and

F nL~ (31)o 0

At the upper boundary, the time derivative of the velocities in Eq. (7) is set

* to zero:

kT[ 1 dni (I+ ci) dT 11

m n. Z + T dZ~w + HVii(W i w~ (32)

Solving Eq. (32) for dn./dZ gives

dn. F n im.w)
dZ 11 kT lj 1 3

* Writing Eq. (33) at the upper boundary (K) in finite difference notation gives

n K Vij(Wi j) K(34)AZKK kTK

Solving Eq. (34) for nK gives

e +1 ' 1+ lrA 7 rnAZK r A

Replacing nK+ 1in Eq. (25) written at level K with Eq. (35) gives

1kTK A+ 13 A
-A 1I AZL~ - Dj(wiwe

nK CKK-1 DK

16



From Eqs. (26) and (27), the following definitions are obtained:

At
Ek= k

k [BA C1 Ek

and

Dt + Ct F
F= k kk- (28

Using Eqs. (27) and (28), the height profiles for the concentrations can be cal-
A+ 1 A + 1culated provided n0  and n k can be specified at the lower and upper bounda-

ries respectively. The boundary conditions will be discussed in Section 4.

It should be noted that only some of the terms on the right-hand side of the

eqaton frA J, ALadDequations for A, Bk' C1, and Dk are specified at the beginning of the time step.

The chemistry terms and the velocity sums are specified at the end of the time

step. Because of this, the solutions require iteration over the time step. At the

end of each iteration of the concentrations, the chemistry and the velocities from

Eq. (18) are recomputed. New concentrations are then calculated using these up-

dated values. This procedure is repeated until, on successive Iterations, the con-

centrations of all species change by less than 1 percent at all altitudes.

I. BOU'NDARY CONDITIONS

At the lower boundary, the concentrations of N2 , O2 H2 0, H2 , and Ar are

held fixed for all time at their initial values (nL + 1 = constant). All of the other
0

. .species in the transport mode prove to be chemically controlled at 50 kin, so their

concentrations are computed from the simplified continuity equations. With the di-

vergence of the flux set to zero in Eq. (1), that eauation becomes

dn.

- = P. n L (29)1t 1 1

If the derivative in Eq. (29) is replaced by simple differences, then, at the lower

boundary, we have

15
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in which

= [1 + At )Xvij]

k (1 - 'k AZk)

It is possible, therefore, to write a tridiagonal matrix between the lower and

upper boundaries for each species using Eq. (21). These tridiagonal matrices are

then solved for the vertical distribution of the concentration using the method of

Richtmyer and Morton.

Substituting the recurrence relation

* n + Ek-i nk + Fk- (23)

into Eq. (21) gives

-AI n + + BI n I - CIE n - C IF (24)kk+I kk k -k 1 kk- 1 k(

This can be written as

k k+1+1kk k k k- (25
° +.

Solving Eq. (25) for nk gives

2+1. Al DL+ CA F
k+ 1 k + 1 + k k k (26)

Sn

[Bt By1

Eq. (23) written at level k is

n I + Fk" (27)

k~1 k+1+I k

11. Richtyer, R.D., and Morton, K.W. (1967) Difference Methods for Initial-
Value Problems, Interscience Publishers, New York.

14

. . . .. . . • , . - . . ., . . . . . . * . . . - ,, ° . . • • • - - - . . .o



1 + AtI + 1 kTkI At

- (1 -k - 1 AZk

[ + nA+ 1 )Z

- _k n ( -: 1 -J -. lzk l);. (20)

~Substituting Eqs. (19) and (20) into Eq, (12) and collecting like terms in n gives

-Aknk+ k - 1C nr - 1D (21)

* where

,4t [Qkkjkt
]

A = AZk AZk 4 i m

K K

k BI + k +

n Y. -nk ( i(0

kk k1 1t AZ k 1) k  ]

k~k~t +KktA1k- kL..

kt I 1IZ+S

C[=Q4kw4zk sk - 1ik- k m/4kk+ 1 A k  k k k -1 k
-At+k +ktt(22)

'A + nK P

AtI I+£ .7 .Lt I +A A~t+kA
kk AZkAZk

At A

I 13

S- . . . . . . .

k k k A



both computed at level k. Also

S2~ + (z .)
1 1

2+1 1 2+ +

rl+t- , - AZn2

2 sin2 I + ( vij)

The finite difference equations, Eqs (13)roi and a cn be solved for the velocities

w ' k at the end of the time step:

-+12+1 2+ 1+1 __ +1

l-t+ A t + k -At nnk

kk 9 +A + FA Z
+ m AZ k j +1 k

+ At ZVi. wk. + 1 (18)

This equation holds for both the ionic and neutral species using the above definitions

of 1"k and with X i = I for the neutral species. The total molecular and eddy diffu-

sion flux at level k can then be written as

I+ 1 1+ 1 H+ 1 + 1 1 kT k At

A n siia=xrsso a edeieno k w t ee k -i

_ Wk = k  l+ Athi vi-k mi A z k

1 12

•~k 1:. k +  k)w.+] _n

k"' j € i k A k + 1 k

_:. , 1- Fk Z )  (19) -

kA. k

where

1 T 1 kT
FR = Tlk -= -- and H -rn

*+
A similar expression can be derived for 0 k  1 at level k-1.

-- 12



3. THE FINITE DIFFERENCE EQUATIONS

If 1 denotes the grids on the time mesh and k the grids on the height mesh,

then the continuity equations, Eq. (1), can be written in finite difference notation

at the height level k as

1+ 1 1+nk nk 4 + 1 1+ 1L L+ 1 k -k- 1
-- P n k  -(12)

At k k k AZk- 1

where, for the sake of clarity, the subscript i has been dropped. Using the equa-
2++

-. -::.. tions of motion, Eqs. (7) and (9), the 1 and *k - 1 will be replaced in Eq. (12)

with their equivalent expressions.
The equations of motion, Eq. (7), for the neutral species can be written in

finite difference form at height level k as

w k  w k T- n + nkI +
wk  k k k+ 1 -k +WA+ 1

At m A+ 1 AZ k k i

+ V.. w + (13)
'3 k

and Eq. (9) for the ionic species as

- +1 A + i  +T + 1
Wk k k k k+1I ~k _

At[nj +1 A z kJ wk i

- + j V (14)

For the neutral species.

k T 0Z Hi

and for the ionic species

an e 20T 1
(16)

k ne OZ TOZ Hi
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In computing the transmittance of ETTV radiation, 0, 02' and N2 are consid-
ered as the primary absorbers. The photoionization rate coefficients are com-

*puted by using Eq. (54), where the sum is taken from 0. 1 to 102. 57 nm. Radiation

below 15 nm is considered to be X-rays, and its ionization is partitioned among

0, 02, N2 , and N in accordance with Swlder. 19

The calculations also take into account the scattering of some radiation from

the sunlit hemisphere into the nighttime hemisphere. These scattered radiations

include Lyman ce at 121. 57 nm, Lyman fl at 102. 57 nm, the HE I line at 58.4nm,

and the HE II line at 30.4 nm. For simplicity, the amount of radiation that scat-

ters into the dark hemisphere is taken to be a fraction of the direct noontime radi-

ation at the particular altitude under consideration. These fractions are:

Lyman ct, 0.01; Lyman fl, 0. 004; HE I, 0. 0011; and HE II, 0. 001.

Finally, the contribution of cosmic rays to the photoionization rate coefficients

is also included. This is simply2 4

1 x 10-7 nt. (55)

6.3 Electron Impact Ionization

Reactions 208 through 215 in the list of reactions in Appendix A are the ener-

getic electron processes. The flux of energetic electrons appropriate to the cal-

culations made here were supplied by Jasperse. 25 The ionization rate coefficients

for the energetic electron reactions are computed from9

I = fa(4)( )d4 (56)

where a(4 ) is the electron impact ionization cross section and O(4) is the energetic

electron flux, both at energy 4 The ionization cross section is given by 9

u( ) = S(,W) dW (57)
I

2. Nicolet, M., and Aikin, A.C. (1960) The formation of the D region of the
ionosphere, J. Geophys. Res. 65:1469-1483.

25. Jasperse, J.R. (1978) Private communication.

25



in which
A

S(4. W ) =I o - 1

(!w 2  \E\

where I is the ionization threshold for a particular ion state, qo 6. 51 x 10-14
2 2

ev cm , cof o is a constant, W is the excitation threshold energy in ev, and P, y,

P, and S are parameters obtained from the best fit of Eq. (58) to experimental and

theoretical results. Table B22 lists the values of these parameters used in the

model presented here. The values of the rate coefficients computed for the ener-

getic electron reactions are given in Table B23.

6. The Thermal Diffusion Factors

The thermal diffusion factors are assumed to be zero except for the following

species: O(-0. 27), 02(+0. 08), H(-O. 39), H2(-0. 31), and He(-0. 36). A discussion
26

of the thermal diffusion factors can be found in Zimmerman and Keneshea, from

which source these values were taken.

7. A MID-LA'rTt'DE ATmOSPiIERE SIMULATION

The computer code presented here describes the distribution of 56 individual

atmospheric species. Not all of them have the full coupled sets of equations in the

system, however. Some gases in the atmosphere have such short chemical time

constants that they will react chemically long before they can be moved out of a

unit volume by any transport process. The vertical distribution of these species

can be determined quite accurately by considering only the chemical reactions in

which they are involved and ignoring any transport effects on them.

The species for which the coupled sets of mass and momentum equations are

solved are:

0 H N CO AR H
O) 12 N( 2 D) CO 2  HE +

0 (1Ag) 1102 N2  0 +

+Q) 112 O N) 02

(f 11202 NO 2  NO +

N2 0 N+

Those species whose distributions are determined neglecting transport are

2;. Zimmerman, S. P., and Keneshea, TJ. (1976) The thermosphere in motion,
.J. Geoph}ys. Res. 31:3187-3197.
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O(), N', 2' (D), and the electrons. The height distributions of all 56 species

are computed over the entire altitude range, which is from 50 to 400 km.

In addition, the vertical distributions of the following species are computed

over a reduced altitude range. The temporal variation of these species is also

computed with the transport term removed from their continuity equations. The

distributions of these species are computed between 50 and 120 km because, above
this altitude, they do not exist in significant quantities. These species are:

0 0 4 H 5 02' O2 H1NOJ2
+ +S02 NO 2  +2 0N

03 H H 2 0 NO. H 20

+ +04 H+ . (H 2 0) 2  NO (H20)2

NO 2  H+ . (H 20)3 NO + . (H20)3

NO 3  H'. (H 2 0) 4  NO + . CO 2

2CO3 H3 +. N2

CO HO. OH
4 3

H3 O+ . CO 2

Neither negative cluster ions nor metallic ions are considered here. To ensure that

.- : the atmosphere remains electrically neutral, one of the negatively charged species
is always computed from the imposed condition of balance of charge. Below 120 kin,

where there are several types of negative ions in addition to the electrons, the

most abundant negatively charged species is always computed from conservation of

charge. That is, its concentration is computed as the difference between the sum

of all the positive and the sum of all the other negative ions. Above 120 km, where
the only negatively charged particles are the electrons, their concentration is al-

ways set equal to the sum of all the positive ions.

7.I I nitial (:oiditiois

Throughout the development of the time-dependent solution of Eq. (1), the tem-

peratures and the turbulent diffusion coefficients are held fixed at all altitudes in

the code presented here. For the simulation developed in this report, both of these

parameters were derived from data obtained during the ALADDIN I experiments of

* 27
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O 20 November 1970.27,28 The temperatures shown in Figure 1 between 50 and
"29

125 km were taken from measurements of Theon and Horvath. From 125 to
27

*: 160km, the measurements of Golomb were used. Above 160 km, the tempera-

tures were taken from the 900 K exospheric temperature winter model of the U.S.

Standard Atmosphere Supplements, 1966. A discussion of the turbulent diffusion

coefficients obtained from the ALADDIN I experiments can be found in Keneshea et

al. 8 The coefficients presented there represent the minimum turbulent diffusion

* "coefficients determined from the observations on the chemical trails. Following

arguments given there, the turbulent diffusion coefficients (Figure 2) used in these

calculations are three times larger than those presented in that paper.

Keneshea et al8 found that stability considerations required that the height

steps in the mesosphere not exceed 150 m. In the thermosphere, however, stability

could be maintained with somewhat larger height steps. Therefore, to reduce the

amount of core storage required for saving the numerous arrays as well as to re-

duce the amount of computer time per solution, a variable height step array was

used. From the lower boundary, 50 km, up to 90 km, the height steps were fixed

at 150 m. From 90 km up to the upper boundary, 400 kin, the height steps were

computed by assuming that they were proportional to the pressure scale height of

the atmosphere. This produced an altitude array with 692 grid points, with the

maximum height step at the upper boundary of about 1.5 kn.

The initial concentration and average velocity profiles were taken from the

final solution of an unpublished simulation using turbulent diffusion coefficients one

third smaller than those shown in Figure 2. A discussion of a method for establish-
8

ing initial concentrations on all the species is given in Keneshea et al for a situa-

tion where no previous information is available on the vertical distribution of the

various species.

The solutions to Eqs. (1) and (18) are started at noon of solution day 1 with the

above initial values. Because this is a real time-dependent calculation which takes

into account the daily variation of the solar zenith angle, no truly steady state con-

dition on the species concentrations is ever achieved. The calculations are con-

" tinued, therefore, until all species reproduce their concentrations diurnally at all

27. [Rosenberg, N. W., Golomb, D., Zimmerman, S. P., Vickery, W. K., and
Theon, J.S. (1973) The ALADDIN Experiment-Part 1, Dynamics, Space
1Rlsearch XIII, Akademie-Verlag, Berlin, 435-439.

2t. 1'hilbrick, C.R., Narcisi, R.S., Good, R.E., Hoffman, H.S., Keneshea,
1'.J., Mfacleod, M.A., Zimmerman, S.P., and Reinish, B.W. (1973) The
AlADDIN ExperimentT-Part II, Composition, Space Research XIII,
Akadem Ve -Verlag, Berlin, 441-448.

*" Thoon, J.S., and Horvath, J.J. (1972) ALADDIN neutral atmosphere measure-
ments, Trans. Am. Geophys. Un. 53:463.
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Figure 2. The Turbulent Diffusion Coefficients as Determined From
the Chemical Release Data Obtained From the ALADDIN I Experiments

29

• . . .- ... .' " • ' " - "° % ° • ' ./ " . . . " . o" ° . ° " ' . ' o o ' ' - , /". . o " , ' . . % ", " - , - • % • - , - .. ..



I.:. , ___________________________ _____ __ . ..._______ ._____.... .__

altitudes to within 1 percent. This condition of diurnal reproducibility is generally

arrived at after about 20 solution days.

7. IIherni%'phericReslt

The results to be discussed here were taken from the final diurnal cycle of the

calculations when the major and most of the minor species at all altitudes were

varying by no more than 1 percent from values achieved 24 hours earlier. The

vertical distribution of the major species N2 , 02, 0, and argon are shown in Fig-

ure 3. In this one-dimensional temperature-independent calculation, N2 , 02, and

argon show no diurnal change, having arrived at an equilibrium with the invariant

temperature given in Figure 1, Also displayed in Figure 3 is the fixed profile of

helium used in these calculations.

Because of the constant temperature profile used here, atomic oxygen also

shows no diurnal variation in the thermosphere down to about 120 km. Below this

altitude, the chemistry dominates the production (dissociation of 02) and loss of
7

this species. Thus, we observe in Figures 3 and 4 large diurnal variations of

atomic oxygen in the mesosphere.

Presented in Figure 5 are the mesosphere and lower thermosphere noontime

profiles of the remaining important neutral species. Carbon dioxide is invariant

in the mesosphere and lower thermosphere up to about 140 km. Above this altitude,

the diurnal variation of the photodissociation process becomes important in the de-

termination of the carbon dioxide concentrations. The variation of the CO 2 /Ar

ratio calculated here is shown in Figure 6 and compares well to that determined
.. ".30

from atmospheric measurements of Trinks and Fricke.

Isodonsity contour plots of the minor neutral species that exhibit a large diur-

nal variation are shown in Figures 7 to 11. The numbers in all the isodensity plots

presented here are the common iogarithms of the concentrations. These species,

for the most part, are important in the determination of the electron density

throughout the atmosphere. Above about 100 km, the charge distribution is domi-
+ + +

.nated by NO 0 , 0 He , and H . Thus, the resultant thermospheric charge

- balance follows the chain created primarily by the time-dependent distributions of

Ih neutral species N, NO, and N( 2D) as shown in Figures 7, 8, and 9, respectively.

The other iietral thermospheric species in the code have little effect in determin-

in- the char-e distribution.

The ion and electron isodensity contours determined from these neutrals are

shown in Figurcs 12 to 19. As expected, the dominant positive ion in the upper

.Tiink.f, 1., and Fricke, K. 11. (1978) Carbon dioxide concentrations in the
lo% -we th(wrniospherc, J. Geophys. Res. 83:3883-3886.
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- thermosphere is the 0+ ion. The electron density distribution, therefore, follows

the distribution of this ion very closely. Also displayed in Figure 19 is the altitude

profile of fo2 the space-time dependence of the peak of the electron density along
o31

with the measurements of this parameter by Evans. The correspondence is

quite good, clearly demonstrating the midday altitude and amplitude and the night-

time transition to higher altitudes and lower amplitudes. No horizontal winds are

included in this one-dimensional simulation; yet, we obtain an excellent represcnta-

tion of the F 2 layer maximum.

Our rationale, then, is that the contribution of chemical production and loss

coupled to the convergences and divergences created in our calculations are the

main mechanisms that control the amplitude and altitude variation of the F 2 layer

maximum. The question that arises from this one-dimensional calculation, which

apparently gives good agreement with some F 2 layer maximum measurements, is:

What is the effect of horizontal winds? The answer to this question may be in-
32

ferred from measurements of Reinisch, who determined the time dependence of
foFmax for another period from ionosonde measurements. His results for fo Fmax

are shown in Figure 20. We observe a smaller peak ionization amplitude than

Reinisch does, but, generally, the time dependence of his F 2 layer maximum fol-

lows our calculations quite well. Also observed are the large variations that pre-

sumably arise from local winds that show multireversals during the measuring

period. The point we wish to stress is that ionization calculated from internally

determined neutral species distributions does result in an internally consistent F 2

layer ionization behavior that compares well with some of the observed ionic beha-
33

vior. An example of this is the recent work of Sethia et al, who have performed

calculations similar to ours but include the effects of horizontal winds. They de-

termine the distributions along magnetic field lines, while we calculate in the ver-

tical direction with the magnetic field entering by way of the Larmor frequency and

the magnetic dip angle. They input the neutral atmosphere, while we calculate it

as an internally consistent integral part of the model.

In Figure 21, we have superimposed upon our calculation of the total electron

content that taken from Figure 3, model 4 (no winds) of Sethia et al. 33 We ob-

serve that the shapes of the distributions are almost identical between the two

one-dimensional models. The differences in magnitude can be attributed to the

31. Evans, J.V. (1971) Observations of F-region vertical velocities at Millstone
Hill-I. Evidence for drifts due to expansion, contraction, and winds,
Radio Sci. 6:609-626.

.32 Rcinisch, B. (1983) Private communication.

33. Sethia, G.C., Bailey, G.J., Moffett, R.J., and Hargreaves, J.K. (1983)
The effects of neut~ral air winds on the electron content of the mid-latitude
ionosphere and protonosphere in summer, Planet. Space Sci. 31:377-387.
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different conditions under which the models were computed. We also compare

(Figure 22) the total electron content to some measurements taken at Boulder by

Sethia et a1 3 3 as shown in their Figure 8 (July 2, no wind, and July 5, with wind).

Again, the shape of our distribution compares well with the measured profiles.

For those cases where the wind amplitude is not very large, the contribution of the

v x B mechanism is very much smaller than that of the chemistry. We make an-

other comparison with the work of Poulter et al34 shown ini Figure 23. Here we

examine the total electron content for measurements at Boulder and Lancaster

(Figure 5 of Poulter et al), and again quite good agreement is seen between the

shape of the distributions from the chemical-transport one-dimensional model and

the measurements. The observed differences between the Boulder and the Lancas-

ter curves result from the differences in the raypath geometries. Comparison is

also quite good between our calculations and the foF2 measured by Kohl et a1 3 5 and

discussed by Risbeth. 36

We reiterate the point we wish to stress (see also Rush et a1 3 7 ): A comprehen-

sive, one-dimensional, time-dependent ion-neutral model demonstrates excellent

agreement with measurements of electron densities. The inclusion of the effects of

winds is necessary, however, to explain the deviation of the ions and/or electrons

from their equilibrium distributions, which significantly vary over the diurnal

cycle.

I7.3 11'-o.slblric Re'sults

The ionization in the mesosphere is much more complex than the ionization in

the thermosphere. Ablating meteorites create long-lived atomic ions from the

metallic species present in the atmosphere. These metallic ions are significant

and are observed to be the dominant ions in sporadic E layers. Their chemistry,

however, is not well known. For this reason and because large amounts of addi-

tional computer memory and time would be required for their inclusion in the

transport mode, they have been omitted from the calculations presented here. This

omission might explain why our electron density is somewhat low in the 90 to 110 km

34. Poulter, E.M., Hargreaves, J.K., Bailey, G.J., and Moffet, R.J. (1981)
Electron content modelling: The significance of protonospheric contents,
I'lanet. Space Sci. 29:869-883.

'35. Kohl, II., King, J. W., and Eccles, D. (1969) An explanation of the magnetic
declination effect in the ionospheric F-layer, J. Atmos. Terr. Phys.
311011- 1016.

;. HIlishbeth, H. (1972) Thermospheric winds and the F-region: A review,
J. Atmos. Terr. Phys. 34:1-47.

:37. Rush, C. M., Kempner, M. P., Anderson, D. N., Stewart, F. G., and
Perry, J. (1983) Improving ionospheric maps using theoretically derived
values, Radio Sci. 18:95-107.
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region (Figure 19) compared to the work of Solomon et al. Below 90 km, the

cluster and negative ions change the effective electron density to a point where it

. disappears completely between 60 and 70 km.

*The isodensity contours for the negative ions and the positive water cluster

ions for the chemistry given in Appendix A are displayed in Figures 24 to 32. Iso-

density plots for the remaining positive and negative mesospheric ions are not

presented here because these ions never achieve a concentration greater than
-3

1 cm at any time during the diurnal cycle. Of course, the dominant negative

ions in the mesosphere are apparently the cluster ions. Because their chemistry

is still not fully understood, they have not been included in this work.

Particular emphasis is given to the sunrise period and a comparison of our

electron density profiles with sequential measurements made at Wallops Island by

Mechtly and Smith. For clarity, the measured profiles are displayed in Fig-

ure 33, and our calculated profiles are shown in Figure 34. In some instances,

the comparison of theory with experiment is fairly good. Substantial differences,

however, do exist. These are, in part, a result of the differences in the seasons

(summer for the measurement and winter for the model).

In explaining the D and lower E regions of the ionosphere, there is a question,

still not completely answered, of the distribution of the positive and negative ions.

To exemplify the puzzle, we cite two works. First, there is the report by Torkar

and Freidrich 4 0 of the measurements taken during the "Winter Anomaly" campaign

in Spain. The comparison between our calculations and those measurements,

shown in Figure 35, is surprisingly good. In contrast are the measurements of
41 42

Arnold et al and Viggiano and Arnold. These measurements, supposedly ex-

plained by Viggiano et al, 43 show an extremely different distribution of the negative

38. Solomon, S., Reid, Q.C., Roble, R.G., and Crutzen, P.J. (1982) Photo-
chemical coupling between the thermosphere and the lower atmosphere, 2.
D region ion chemistry and the winter anomaly, J. Geophys. Res.
87:7221-7227.

39. Mechtly, E.A., and Smith, L. G. (1968) Growth of the D-region at sunrise,
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Appendix A
The Chemical Reactions

Table Al lists the complete set of chemical reactions used in this report.

Reactions 1 through 127 have temperature invariant rate coefficients that are listed

after each reaction along with the source from which the rate coefficient was taken.

Reactions 123 through 184 are temperature dependent. The rate coefficients for

these reactions are of the form

B[ T(z))B___
k(z) -A - exp ,T(z) (A1)

where the A's, B's, and C's are listed in that order after each reaction and T(z) is

the temp~erature at altitude z. Reactions 185 through 207 are the photo-reactions,

and are functions of the wavelength of the solar radiation and the local solar lux.

* Ractio.ns 203 through 215 are the energetic electron processes. Some of the rate

c-),'Aficints in the list of reactions have not been measured in the laboratory.

Tl~irktoce, the.e3 rate coefficients are given as estimates.

PREVIOUS PAG 

55



o~-1 - V

to~ to-- -W- (D(
Mi*tt M 0 0 0

W-CI~~~ ~~~ -Ck P-LJL t-0 .-- 0-tlO
U r- (n r- r --- DI - 0
Z4-' at - OU 34X Z WO)aJ

uiw -1 -4 4 4-9W 0. 00t0 -9 0

~ ~-w u~t1 0 ZZZZW4 -----.- aww -Z*1~ Z W ZZ

00 0000 000000 00 000000000------ 000000000000000000z

0 00 lMCLQ L 90 0 0 000II-" 000 W00 0 00 0 00 0 00 0 0 0000 0
o06X 0 000 00 0 00 000 00 00000 000--- 00000000 000 00000

000 0000w000;:0 00 000 000 00 000 000 000000

>Z 40--00000000-* --- 0 -0-0wzwww
4 li I l xxn - 4 0 Oil 0i"111 1 11 11111111111111 w Li

A ! Wt a4 I Rig W i*4 WWUJ*1WW14 u lU UL L UUJU U UL Iu L. W L W LL. LU& LU L& LU uJL LA.

40 0000 0000 00 0000 0000000000000000 0000000 0000000

C14zz m4 W DI f0 - V0r -r

000011 :E x

4+4+4++ +

00 c ca0 C40 0
m I0 *Ndz T 0CN cN*N IV 00 N x lN N N x0 NdCN rc m N (N "~ u

O TczmO00z.'Cmz0xU1 ZZZZOXIIZOU ZD0000ZZOMOZZ0xz

I-.000 0 +
D 0 0 0(NNVNON 1 4+0444+ + +4 4

.K r4 N (N CN(N N OrN C, t 1 NIC T C4 N ev I4N e lNDooNNoO+ ± N+~~.
.j Z0 0 0 0 00zzz00 0ZZOO c T 7 z x Cl'wxx I(N00Oz z z00 z z xz 0 0 0 z

0:

CC~~~~~ 0*IC (4' (! (

Z0Iz I00 Z~0I I1 0 C) 0000 00 + + + +I0 0000
444*-c"z J44 44 + m+4r l ( n V4NNNnv"N+ +++ 4 + + + + + + + + + + + +4W

OC)0 ,Elrzz ,Z(OZOO DO~l~zz l::xxxx c~o oooz oxzz(N
C4 M q 0 0 1 , 0 0 - N M ~ n 4 r- w O m 0 ' r0



-4 4
ie I 

Us 4c -9
-- --

LL I- I
uzwwa max~ U.j az-aJzxazz

- - - - - - - - - - - - - - - - - - - -
M - " ; U Z 0. . -s.; " I " 6 . - " P..0-b -1-1 1 . -0 . .P- . - . .z -1 . .

LJW UAW W IAA 0

C; ; ; ; ; ;W; ; ; C C C C C W C C C C;C;C;C;C;C;C W4;4;4; W; ; W; ; ; ; JW ; ; UC C J C C C uJW 1

. . . . . . . . . . . . . . . . . . . .... .. . Ig . . . . . . . . . . .
WWCfI( (1)U -)A( IY Cmt - -- --

ov 0
0 "H~ONOOX00oOe00c0oo00oooooceoooOOeOOOOOooo

C4

a O00 N"0000000000000000eoaooooeooooooooooeooo
Cd U (,9 00 020 0 0 0C) 0ID.vC~ - NN00 lL

-KN+6i -0M wXXXX OfOONOONOOXOXOOIOOIeraOI a OioUaacjoooo
W.w zz zx z xx Y vv cqmqq I n nx NNm NN0

*~~~~~~ +009-8. +8e0000I00D00W0UDDDWII0C~D

z -0-flN0--0.-N.-.-oeo00ooaoeo uooooeoooooooo izooooooo
........................... 188 18l 181 818
-4 w ~u W UJW WW WW WW WW WWW WW WW W UJ WW W WW WUJ

++-8o WN0 00 0 000 0000 0 ---- 0 00 00 0

Cd x 0 XOOITOOIIOOZIO0ZIOOIZZUZL z UUOzzz iil

+C M 4qMvi aP OM0 NMVk 01 Oo 0 NMTL of DM0 V00r 0 C

WLA

N N57



ID- Lo 4 - 10 fr

%T a- 8 - -a a 0- -)
a - w- - a=. mm 9 ae ----

(71 0- aa 0 - ' Z1- 0 01a.b ic U9 o
1aa U@10-W Pmm W 00- m- r-a-ab-r C-) A- .
1-1 w - 0110 09010 0a 1 011-11-PW a

0 1_ -4 04 I. 014 1 -q040 0 j-i 40-A4 -j 44 ~ 0 w Ol--"w * 999 9-9W- La w -- 1- w I.1Z 0- 9 0Z- z z1 1- WWAJZ L". 010-4: §bb"WW
0A -WU- W w-O9 WW 09014U -w ~ r% 4z w- uwww -.- w am- AS

w Z AL W o .. 0 0w 009M uJ. -* 144 w
* ~ 0g 0 ooooa-002 Wo- z..J00 ozoz L4Z0&444 JZ- 4Zo

000000000 00

u 0O0OOO0C'O 00

0O0O000000000000000000000000e0oo~oooO~ss.q0000

-00000000000000000000000000000000000000000000000

o ooooo 0000000000000oooaoooooorc'ocCoeOeeo 60
I I

100-0 --- --OO .- O 0.-oN-o-oN..--N----N0010 W I NO ce-.-c4
I + I I I

- . -' o00000 000 000 000 000 00000)000))0we0 000U)00000000000)o

N

x 0 W 0

N~~~~2 ONNN ONNN NO(4x N"N "NNNN00000NOO N NO N4 0 ON ONN
NWOWOWOOUUUvwoowouzx zzx

cx x

I' + + + +I

00~ ~ ~ ~~~~ N N C4~1) 0I~0NNI9+4 N
40~~ N('1040 N0) 000000 N NN ) Z N I0 0N

uJNOOooooOO 000 JOzZO oUZZZZOZZOZOUOOO 00001010010

................................................ aaa

4
0 4) U U

Q

- N N N 0000 0ou wz zz xo oo o oo XX ZZ D

O~ 0> 0N> ~ 0~ 0>~ )0>)> O 0)N O N )NNN NNN 0)
z - --------------------------------------- oozoo



tD~~~ - --

*I O I- a.,-rt5vr owltes- owl-e. ow OsmsrOI 1 m aft I

-5- LUz- m a ' -J -j -j o f
Or-L . qI- LUUWoLU& ;;hUULL =UJWLULUWLU r go inwuICID- 0fO1 wo m -ii
LL J ~ 4O) 44 4 44 4 44 4 U)4 w

-w40 % -00 00 a00to 0000 00000044000000lm
4z WZmh 49 zohmhzzzzzzzZj 1ZZZZmuN.JZZZZZZ zzzzzz ~
xg4O -4wg-4444444ww 444Lww4444444.-o444444 t
wg 1 0- wZ - i I. Z Z Z I

Ri a aS10 1 8i k

0000 cc0 000 0u +++ 4 + + .+. +
w w Lw uLUw mIA W " LLU -,IU.
vwo m oo c 0 00 00.. 0

C) C'WONOO.- 0 v v 0 c I

C) 11141m11mm11m,

C)

0 1
Id((M0M'0-l. z1'r5 (OI z(1slfoh -r22, am..5---10 hm

+

C4 i m s i m m e m a , s m s a a m s i

0 N N

2000
C) CI a C4 44+ 4

0 1 (10 N000

2eo~v 01 N1 O('4(1iv~~o~o4n idn- o mI '

0 Nf C4 cm 4

w 0 (+ + + + ') . . . . .

U (1 ('4 0 oom~ ~ 4 + + +0 0 0 0 0, mcl)( .

m N N N4 U N N NO C4 NN NN 0>>>> UUU UU U

44 0C4

LU~~~ + ++ + +4 4+ +k +44+

C4 -(10 c . +++ 00000 0 1
OC30 X0OC40 C14 ++ LU UWWLUoWo2OuZMoZZZZ222I rcv A 0 C 04
+ +4+4 *4++++4+44++++++++ +++++4++++4+4,+4 +4+4 + +

Z - - - -- - --- -- - - - -- - -- - -- - -- - - -- - --- --0

59(



W

-4

0 0
COJ 00w0 Oooo 0 X00 0000 OoOOOOOO4 c el V

C)

+- + 4 + +

9++ 00X ON 00 + N 0'
4WzzUJOOOOZOOzOOOOWUJZ 8z~

C) NI

0 N 0 ('4 ClI
*i CY N4 0 0 -4 '-'+

wzxzOOOOooozz zxuuzOo Oicz O

6 ( C NUN o I-N CM ON N N N W S 111q115f-M O M IVi

06



=- .--.. .- . - - - -- -=I - - - - - - - = : I - o " = -j '- =

m

References

Al. Davenport, J. ., Slanger, T.G., and Black, G. (1976) The quenching of
N( D) by 0( P), J. Geophys. Res. 81:12-16.

A2. Baulch, D.L., Drysdale, D.D., Horne, D.G., and Lloyd, A.C. (1972)
Evaluated Kinetic Data for High Temperature Reactions, Vol. 1: Homo-
geneous Gas Phase Reactions of the H2 -0 2 System, Butterworths, London.

A3. Kaufman, F. (1964) Aeronomic reactions involving hydrogen, A review of
recent laboratory studies, Ann. Geophys. 20.106-114.

A4. Davis, D.D., Herron, J.T., and Huie, R.E. (1973) Absolute rate constants
for the reaction O(3P) + N02 - NO + 02 over the temperature range
230-339K, J. Chem. Phys. 58:530-535.

AS. Phillips, L. F., an-1 Schiff, H.1. (1962) Mass spectrometric studies of atomic
reactions. III. Reactions of hydrogen atoms with nitrogen dioxide and
with ozone, J. Chen.. Phys. 37:1233-1238.

A6. Phillips, L. F., and Schiff, H.I. (1962) Mass spectrometric studies of atomic
reactions. I. Reactions in the atomic nitrogen-ozone system, J. Chem.
Phys. 36:1509-1517.

A7. I-'illips, L. F., and Schiff, H.I. (1965) Mass spectrometric studies of atomic
reactions. V. The reaction of nitrogen atoms with NO 2 , J. Chern. Phys.
42:3171-3174.

A8. Kaufman, F. (196!)) Neutral reactions involving hydrogen and other m-nor
constituents, Can. J. Chem. 47:1917-1926.

Ae. Ilochanadel, C. J., Ghorm]ey, J.A. , and Ogren, P.J. (1972) Absorption
spctrLlm and reaction kinetici of the 1102 radical in the gas phase,
J. Ch:,m. Phys. 5(;:4426-4432.

A 1). Lin, C.1,., and Kaufman, F. (1971) Reactions of metastable nltrogen atoms,
J. Chem. Mfhys. 5)3760-3770.

'Al. I)avi cson, J.A., Sadowski., C.M., Schiff, H.I., Streit, G.E., Howard, C.J.,
Jennings, D.A., and Schmltekof, A.L. (1976) Absolute rate constant
de erm'nation of the deactivation of O(ID) by time resolved decay of
" (ID) O(3p) emission, J. Chem. Phys. 64_:57-62.

61

• -.. . ... . . ... ".. ... . "" .. .... ': -' ?:.'. .. '. '' - ? ...



A12. Clark, I.D., and Wayne, R. P. (1969) Collisional quenching of 02(0A g),
Proc. Iloy. Soc. (Lond)n), A314:111-115.

:\"13. BadneU, R.A. , Wright, A. C., and Whitlock, I. F. (1965) Absolute inten-
sities of thc' discrete aol (continuous absorption bands of oxygen gas at
1. 26 and 1. o0;5p and the radiative lifetime of the 1Ag state of oxygen,
J. Chem. Phys. 43:-1345-4350.

AI. laiser, E.W., and Japar, S. M. (1978) Upper limits to the gas phase reac-

tion rates of IIONO with HN 3 and OtP) atoms, J. Chem. Phys.
'2:2753 -2754.

Cox, l.A.,1,rw ,t, I. G. , and Holt, P. M. (1976) Relative rate constants
", •: ,ca'oo-; of Off radicals with 112, CH 4 , CO, NO, and HONO at

a wTholwpic nrssurc and 296K, J. Chem. Soc., Faraday Trans.
17-2-:20:-) 1 - 2 04'j.

it,. [Jondi, M. A. (1!(;)) Atmospheric electron-ion and ion-ion recombination
'):.,"W C, (an. .. Chem. 47:1711-1722.

.1° V , "I, ,lA. (11173) '1 he effects of ion complexity on electron-ion recombi-
nl tion, coir -'ents At. Mol. Phys. 4:85-91.

, ! 'ai~~c,, i. '.. ([T94) A review of photodetachment and related negative
,,, pc>.-:. televnt to aeronomy, Ann. Geaophys. 20:88-105.

'iw-, t. V. (liw!) Laboratory studies of electron attachment and detach-
mnr pro,2,.sses of aeronomic interest, Can. J. Chem. 47:1783-1793.

.E.. .I 73) Rate constants of thermal energy binary ion-molecule
rtactions (of zqeionomic interest, At. Data Nucl. Data Tables 12:159-178.

A21. ().Ldn, .D., Schnicltekopf, A.L., Fehsenfeld, F.C., Schiff, H.I., and
- .. (I 966) Thermal energy ion-neutral reaction rates.

I. Sonem roaction- olf ionospheric interest, J. Chem. Phys. 44:4095-4103.

S'.2_. [. relnfl, '. C., Fe r,,ison, E.F., and Howard, C.J. (1973) Laboratory
i, v stltationo the reaction NO + 03 -+ NO 1- 02, J. Geophys. Res.

, ,I, ('.,J., Bierhawot,, V. 1\4. , Rundie, H.W. , and Kaufman, F. (1972)
i k,- arI ind anis.in of the formation of water cluster ions from

()i a 1 1d 0, J. Chem. Phys. 57:3491-3497.

. ,. :... :,:. . ,1 7 ) 1 .aborator n,,asu rew ents of ionospheric iol,--,nnole-
,,q Io n ~t. tU', . ('eophys. and Space Phys. 12:703-713.

Ine(,,lcin, I). P. , 1',, Lld, F. C. , Schmcltekopf, A. L. , and Ferguson, F. E.
.;1) [ :i -- ,ul reaction studies fron 3000 to 600 ° K in temperature-

. V i., , aftoLr,,Jow systemn, J. Chicn . Phys. 49:1365-1371.

IK-,, 1< , I. C. nltu kopf, A., L, Goldan, P.D. , Schiff, H.I., and
, (I' iW) Th.,r-inal energy ion-neutral reaction rates.

.- , r' i , I liun joos, J. Chem. Phys. 44:4087-4094.

S . .. , I , i t, .. 1. and Mi)sesnian, M. (1969) Measure-
M ., r y reaction NO') NO -- NO + 

- NO 2 , Chem. Phys.

, I . , ,a, , \I.\%V. (11,71) Prodjction of t130+ .nH2O from
f,4: ' \ ()-I I- --as nlixtures, J. Chem. Phys . 54:2564-2572.

I' : , , , 1. C. , Schmeltckopf, A. L. , and Ferguson, F. F
i L , - i, reactions of NO+ with 0,2, N2 , and CO2,

I. *, , .1 . Iz'It I) ., Sm.;th, S. ,!., iand Geltiran, S. (195- )
*'} 0:.)' j ;,,! :) 5'', ,tif ano clcctron ,affinlity of alomic oxy& 'n,

22



A31. Fehsenfeld, F.C., Schmeltekopf, A.L., Schiff, H.I., and Ferguson, E.E.
(1967) Laboratory measurements of negative ion reactions of atmospheric
interest, Planet. Space. Sci. 15:373-379.

A32. Woo, S.B., Branscomb, L.M., and Beaty, E.C. (1969) Sunlight photode-
tachment rate of ground state 0, J. Geophys. Res. 74:2933-2940.

p A33. Fehsenfeld, F.C., Albritton, D.L., Burt, J.A., and Sc~liff, H.I. (1969)
Associative-detachment reactions of 0-and O by 02( A g), Can. J. Chem.
47:1793-1795.

A34. Bortner, M.H., and Baurer, T., Eds. (1979) Defense Nuclear Agency
Reaction Rate Handbook, DNA 1948H.

A35. Wong, S.F., Vorburger, T.V., and Woo, S.B. (1972) Photodetachment of
O3 in a drift tube, Phys. Rev. A5:2598-2604.

A36. Peterson, J. R. (1976) Sunlight photodetachment of C073 , CO 3 . H 2 0 and O3:
The importance of photodissociation to the D region electron densities at
sunrise, J. Geophys. Res. 81:1433-1435.

A37. Fehsenfeld, F.C., Ferguson, F.E., and Bohme, D.K. (1969) Additional
flowing afterglow measurements of negative ion reactions of D-region
interest, Planet. Space Sci. 17:1759-1762.

A38. Adams, N. G., Bohme, D.K., Dunkin, D.B., Fehsenfeld, F.C., and
Ferguson, F. E. (1970) Flowing afterglow studies of formation and reac-
tions of cluster ions of 2, O2 and O-, J. Chem. Phys. 52:3133-3140.

A39. Fehsenfeld, F.C., and Ferguson, E.E. (1974) Laboratory studies of nega-
tive ion reactions with atmospheric trace constituents, J. Chem. Phys.
61:3 181 -3 193.

A40. Febsenfeld, F.C., and Ferguson, E.E. (1968) Further laboratory measure-
ments of negative reactions of atmospheric interest, Planet. Space Sci.
16:701-702.

A41. Graham, R.A., and Johnston, H.S. (1978) The photochemistry of NO 3 and
the dnetics of thc N2 05-03 system, J. Phys. Chem. 82:254-268.

A42. Stebbings, R.F., Turner, R.R., and Rutherford, J. (1966) Low energy col-
lisions between some atmos'pheric ion and neutral particles, J. Geophys.
les. 71:771-784.

,%A13. Lindin-er, W. , Fehser f,'d, F. C., Schmeltekopf, A. L., and Fer.uson, E.E.
(1 )74) 'Feup)'ratu rC' ,cpendn'c- of some ionospheric ion-neutral ractions
fr-ow 303) - 90O K, J. (,.ophys. Res. 79:4753-4756.

.\4-. Cam.)h-&l, 1. Al., and Gray, C. N. (1973) Rate constants for O( 3 p) recombi-
n-ition itni ass ,ciation with N( 4 S), Chem. Phys. Lett. 18:607-609.

A43. Kmaf!:n, i'. , an,! Kt-1i, J. H. (1!)64) Rate constant of the reaction
• 2() 2  ,, )iscess. Faraday Soc. 37:26-37.

.\4 . ", ii.I. (l' ') ,' W6ral ''attions involving oxygen and nitrogen, Can. J.

V. I i' ,tI,.r, A. . (19 '6 ) Mass -spectrometric i nvestuiations of
, l', 'i :! t )I () .1MWn Wili I.) and NH 3 , J. Ch . Ihys. 4":3371 -33M2.

\ . .... , ) ., ,, I' ,, ald Itff 11. (11174) A dye lascr flash pi'L)tolysis
Iih ' .>i -.3 I n'n:l-statc atomic oxy1cr witli yi tu('n

\ '. I- K i l . ' '. , ,.A ,l '-tief, l,.J. (1')75) Al, soliI r'att para-
Ii n . , . () III]i~ " aI C y.,l N O ' ,',ih I 11)0.), It. J. (il e 1n .

. ,. 1, 61-72.

GU 2



AS7,0. 3ccker, 1K. 11., Groth, W., and Kley, D. (1969) The rate constant of the
acronolnic reaction N 02, Z. Naturforsch A24:1280-1281.

A71. Clyn(, M. A.A., and Al)er-mid, I. S. (1975) Mass spectrometric determi-
nations of rates of clem-entavy reactions of NO and of NO 2 with ground
stat, N4S atoms, J. Chein. Soc., Farad$y Trans. 171:2189-2208.

.\2. Baulch, D. L., Drysdale, D. D., and Home, D. G. (1973) Evaluated Kinetic
Data for High Temperature Reactions, Vol. 2: Homogeneous Gas Phase
Reactions of the 112 - N2 - 02 System, Butterworths, London.

A\53. Anderson, J. G., and Kaufman, F. (1973) Kinetics of the reaction OH(V= 0)
03- 110) 02, Chen. Phys. Lott. 19:483-486.

A54. \VWytlocik, D.A., Michael, J.V., and Payne, W.A. (1976)Absolute rate
constants for 0 1- NO F N', -- NO 2 + N2 from 217-500K, Chem. Phys.
Lett. 42:466-471.

"L55. Garvin, D. , Ed. (1973) Chemical Kinetics Data Survey. IV, Preliminary
Tables of Chemical Data for Modeling of the Stratosphere, National Bureau
of Standards, Interim Report NDSIR-203.

\5(3. Clyne, M.A.A., and M'nkhouse, P.B. (1977) Atomic resonance fluores-
cence for rate constants of rapid bimolecular reactions. Part 5-1lydro-
(en atom r -actions: II + NO 2 and H + 03, J. Chem. Soc., Faraday
Trans. 173:29R8-309.

\7. Davis, D. )., Fischer, S., and Schiff, R. (1974) Flash photolysis-resonance
flun rscce kinctic'-; study: Temperature dependence of the reactions
011 - CO - CO I H and 011 + C-1 4 - H2 0 + CH 3 , J. Chem. Phys.
i'1:221"-22 11.

Faulch, ) L. , Drysdale, D. D., Daxbury, J., and Grant, S.J. (1976) Eval-
jat-I 1Kin -ti(- )ala for IighTeinqrature RcactionsVol 3. Ho-m_ geneous
as I'hase RIeation of the 02-0 3 System, the CO-O 2 -H 2 System, and of
tnfnlr-Containing Species, Butterworths, Lond-n.

St.. lin, i)., Mot ozi, J.L., and Phelps, A.V. (1972) Low energy electron
iLttal'hlno to I)ZOfle using swarm "echnicjoes, J. Chem. Phys. 56:4183-

". : J.[)., D Cunningham, A.J., and Kebarle, P. (1973) Temperature
n: 4 the rate constants for thn third order reactions:

W) 'r h ) t o0- and -)4 :- 20,) O 0, J. Chem. Phys. 59:5615-

, ;A. (M e , rD , n, ). A., and Kebarle, P. (1970) Mechanism and rate con-
4!ant: t 1on- me!,:cule reactions leadin- to formation of H+(H 2 0)n in

I H -2: o'c, in an] air, J. Chem . 1Ihys. 52:222-229.

64



.V--.3---

Appendix B

Photodissociation processes and Their
Rate Coefficients

Appendix B contains information on the photodissociation, photoionization, and

energetic electron impact reactions. Table B1 lists the solar fluxes in the wave-

length region 116. 2 to 730. 0 nm along with the absorption cross sections for 02,

03, H2 0, 11902, NO2, NO 3 , and N2 0, Table B2 contains the absorption cross

sections for N205, HNO 2 , HNO 3 , CH 4 CO 2 , CH20 , and HO 2 .

Table B3 lists the photodissociation processes along with their total photo-

dissociation rate coefficient. The units of all the rate coefficients presented in

this table and in all the tables that follow (Tables B4-B23) are sec - . The con-

stants in Table B3 were computed from Eq. (52) using the entire unattenuated solar

t1.ux. The values listed here are indications of the maximim rate coefficient that

each process can attain.

I I 1()1.1((:1 I,%1 () t;1']'

Two distinct processes for 02 photodissociation are considered,

() , h,-- 0 * 0( D), A < 1.75 nn

atnd

-,,>Ii L' - + 0, 175 < < K 242.2 nm.
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lhc ctross sutions for this moleculc are taken from the compilation of Ackerman1 6

wth the exception of those wavelengths in the Schumann Range bands. The photo-

(Ls sociation raie coefficients for the first prozess above are listed in Table B4,

aLLI those f' or the:. second process are listed in Table B5. The column densities

Lx;ivn in these and all the other tables that follow (Tables B6- B23) are in units of

B2,

For ozone, two processes are also considered,

., i,' -v ( D) + 09( <g), <3 l0nm

(I hi -- I) i-Q0, 310 < < K730nni.

an Ci~ciluti Gcoss sections for ozone are also taken from the compilation of

',l: V*' Tl U phlotodisociation rate coefficients for the process with the ex-

tt l p.t&tt.t a,'t., lis.<,d in Table B6, and those for the process with the ground

pt i'9ILtit lt.tedf in able R7.

",< , ,, ', !,il .. thr' i-u v the process

I. (Y - t1 -v ' , i I . J .. t .

. I, - i ,1 :'w I his4 m l 'iil art- takn from Watanabe and

" I.,. l} i,{ l ii -<, l , ' .t, , ,fictents for this process are tabulatcd

,..., . : I.. ii ,0 \I1 . (1115:i) Absot-ption c iefficients of watcr
,.I: .I > X,, ,:ItlaviwI ,,t, .1. Opt. Soc. Am. 4-:73-->

.~~~~~~~~~ h -- ,-•..-%%°.



11i. 111 IDhH;IN PER IO\IDE

According to Urey et al B 2 and [Jolt (A al, 133 the photodissociation proce(ss Inc

i1N(i gen peroxide is probably

H,.)O9 + hv- O 011Oi, X < 300nn.

1wabsor-ption cross sections albove 225 nmn are fromn Urey et al, and those belo.;

221- nin arc from Holt et al. The photodissociation rate coefficients for this mle! -

kvoll a( presented in Table B9.

it.N 11WN N l)IO\XIDE

Ili, piiat, qatumn yield for nitrogen dioxide is unity for the process

bI' NO 0 0

1~ i N;cclogbsfromn 31)8 to 244nmu. The process

NO. 0, FLt- NO + 0(1 D)

has .l! Iwinmary quantumi yield fromi 244 to 190 nm. For these computations,

how rall of the photodissociation of NO 2 is assLumed to take place according te,

11w lai,1t Irocess. The absorption cross sections for this molecule are take-n fromn

V l\~ 1!~and fromi Hall and] Bacol. The photodissociation rate- ,ooffi-

!o( ftfte bis p-ocess are ii < (1 10 1 alt [I 0.

A IIn~to Jobiti loin and C; iain, i, the plotolysis of' NO 3canl 1proc. ck vi-

pw . C, Ia': -,1..I, andi [likt, (11,2(P29) The absorption <1),
ii: ~ ~ ~ , cot1 i' i toicb lighit, J. Ami. Chem, So

in I, , All-. a;, C . , zn )l'.eu, (1)4R) Ultraviolet-4 C
cI~ Pi~t II l'(IIC nwroi],.i. Chcon* iPhys. 16:225-229).

V ., Kitaniu i,, %I, V., ain1 Vtanahe, 1K. (1951)) lonizal L'1.

, a ) N,) I 1' N 1: '11 0)o1 A,* .1. (ThenIl. Phys. 2 :17. 7
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Table B3. Total Photodissociation Rate
Coefficients for Unattenuated Solar Flux

02 + HV = 0 O10 1.67927E-06 SEC-1

02 + HV = 0 + 0 8.36758E-08 SEC-I
03 + HV = 010 + 021D 9.72665E-03 SEC-I
03 + HV = 0 + 02 4.17996E-04 SEC-I
H20 + HV = OH + H 7.38662L-06 SEC-1
H202 + HV - OH + OH 1.5)367E-04 SEC-I

N02 + HV = NO + 01D 1.5i039E-02 SEC-i
N03 + HV = NO + 02 7.04137E-02 SEC-i
N20 + HV = N2 + 01D 7.766a6E-07 SEC-I
N205 + HV = N02 + N02 6.92337E-04 SEC-i
HN02 + HV = OH + NO 5.84756E-04 SEC-I
H1403 + HV = OH + N02 1.16540E-04 SEC-1
CH4 + HV = CH3 + m 9.08606E-06 SEC-I
C02 + HV - CO + 010 8.84043E-08 SEC-I
C02 + HV - CO + 0 8.24894E-09 SEC-I
CH2O + HV a CHO + H 2.58902E-04 SEC-I
H02 + MV - 02 + H 1.13657E-03 SEC-I

. .. .- j



Tabl 112. Absorption Cross Sections for N 2 0 5 , HNO 2J HNO 3 , CH 4 ,
C(.), (:II2) 0,and E-10, (Contd)

WAVElENGtH BAND CROSS SECTIONS (CM2)
ANGS"ROMS N205 HN02 HN03 CH4 C02 CH20 M02

3200.00-3250.00 6.OOE-21 2.OOE-20 1,00E-22 0. 0. 2.20E-20 0.
1250.00-3300.00 5.OOE-21 2.OOE-20 0. 0. 0. 3.40E-20 0.
3300.00-2350.00 3.40E-21 3.00E-20 0. 0. 0. 1.50E-20 0.
3350.00-as00.00 3.00E-21 2.80E-20 0. 0. 0. 1.20E-20 0.
3400 00-31 ;0.00 2.40E-21 3.10E-20 0. 0. 0. 2.OOE-20 0.
3450 oC-35U0.00 2.OOE-21 3.00E-20 0. 0. 0. 5.OOE-21 0.
3500.00-3550.00 1.5OE-21 5.OOE-20 0. 0. 0. 2.80E-21 0.
3'50.00-3600.00 1.20E-21 5.OOE-20 0. 0. 0. 1.20E-21 0.
3600.00-3650.00 9.OOE-22 2.90E-20 0. 0. 0. 0. 0.
3650.00-3700.00 7.00E-22 8.00E-20 0. 0. 0. 0. 0.
3700.00-3750.00 4.OOE-22 4.OOE-20 0. 0. 0. 0. 0.
3'750.00-3800.00 2.50E-22 2.OOE-20 0. 0. 0. 0. 0.
J930 00-3850.00 0. 4.OOE-20 0. 0. 0. 0. 0.
3850.0C-3900.00 0. 5.00E-20 0. 0. 0. 0. 0.
3900.00-3950.00 0. 0. 0. 0. 0. 0. 0.
3950.00-4000.00 0. 0. 0. 0. 0. 0. 0.
4000.00-4050.00 0. 0. 0. 0. 0. 0. 0.
4050.00-4100.00 0. 0. 0. 0. 0. 0. 0.
4100.00-4150.00 0. 0. 0. 0. 0. 0. 0.
4150.00-4200.00 0. 0. 0. 0. 0. 0. 0.
4200.00-42%0.00 0. 0. 0. 0. 0. 0. 0.
4250.00-43C0.00 0. 0. 0. 0. 0. 0. 0.
4200.00-4350.00 0. 0. 0. 0. 0. 0. 0.
4350.00-4400.00 0. 0. 0. 0. 0. 0. 0.
4400.00-4450.00 0. 0. 0. 0. 0. 0. 0.
4450.00-45D0.00 0. 0. 0. 0. 0. 0. 0.

o500. 00-4550.00 0. 0. 0. 0. 0. 0. 0.
4-5r. 00-4620.00 0. 0. 0. 0. 0. 0. 0.
,;600,00-4650.00 0. 0. 0. 0. 0. 0. O.
4)50.00-4700.00 0. 0. 0. 0. 0. 0. 0.
4?00.00-4750.00 0. 0. 0. 0. 0. 0. o.
47 0 00-4800.00 0. 0. 0. 0. 0. 0. O.
4.i0.

• 
00-4850.00 0. 0. 0. 0. 0. 0. 0.
3.) 45.I0o.3 0. 0. 0. 0. 0. 0. 0.

490J 00-4950.00 0. 0. 0. 0. 0. 0. 0.
4)50 00-5000.00 0. 0. 0. 0. 0. 0. 0.
500 00-5050.00 0. 0. 0. 0. 0. 0. 0.

5050 00-5100.00 0. 0. 0. 0. 0. 0. O.
.,100 00-5150.10 0. 0. 0. 0. 0. 0. O.
5 150 00-5200.00 0. 0. 0. 0. 0. 0. 0.

0-2'300 0. 0. 0. 0. 0. 0. 0.
,0 S0-530.00 0. 0. 0. 0. 0. 0. 0.

5350.00 0. 0. 0. 0. 0. 0. 0.
3 ] 0 o-4.o00 0. 0. 0. 0. 0. 0. 0.

• 4 00 0. 0. 0. 0. 0. 0. 0.
1. -" 0. 0. 0. 0. 0. 0. 0.

,5 ;-% 0.c0c 0. 0. 0. 0. 0. 0. 0.
- 0 3. 0. 0. 0. 0. 0.

- ' " 3. 0. 3. 0. 0.
3. 0. 0. 0. 0. 0.



Table B2. Absorption Cross Sections for N2 0, HNO HNO 3 , C H
CO2' CH 2 0, and HO2 (Contd)

WAVELENGTH BAND CROSS SECTIONS (CM2)
ANGSTROMS N205 MN02 H43 CH4 C02 CH2o 102

1792.60-1e03.60 0. 0. 0. 0. 1.30E-21 0. 5.50E-18
1903.60-1816.40 0. 0. 0. 0. 1.00E-21 0. 5.S0E-18
1916.40-1830.60 0. 0. 0. 0. 6.OOE-22 0. 5.50E-1e
1830.60-1846.20 0, 0. 0. 0. 4.00E-22 0. 5.50E-18
1846.20-1863.40 0. 0. 0. 0. 3.O0E-22 0. S.60E-16
1863.40-1892.20 0. 0. 0. 0. 1.50E-22 0. 5.70E-18
1982.20-1902.40 0. 0. 0. 0. 8.00E-23 0. 5.80E-18
1902.40-t924.00 0. 0. 0. 0. 3.00E-23 0. 5SOE-1B
1924.00-1947.00 0. 0. 0. 0. 2.00E-23 0. 5.80E-i1
1947.00-1971.80 0. 0. 0. 0. 1.00E-23 0. 5.80E-18
1971.80-1985.00 0. 0. 8.OOE-18 0. 8.00E-24 0. 5.80E-IS
198s.00-2000.00 0. 0. 7.OOE-18 0. 5.50E-24 0. 5.90E-t
2000.00-2025.00 0. 0. 5.OOE-18 0. 4.OOE-24 0. 5.90E-18
2025.00-2050.00 0. 0. 3.80E-18 0. 3.20E-24 0. 5.90E-18
2050.00-2061.86 0. 0. 3.OOE-18 0. 3.OOE-24 0. 5.90E-18
2061.86-2083.33 0. 0. 2.40E-18 0. 3.OOE-24 0. 6.00E-18
2083.33-2105.26 0. 0. 1.70E-18 0. 2.60E-24 0. 6.00E-18
2105.26-2127.66 5.00E-18 0. 6.OOE-19 0. 2.40E-24 0. 6.00E-18
2127.66-2150.s4 4.OOE-18 0. 4.60E-19 0. 2.OOE-24 0. 8.ooE-18
2150.54-2173.91 3.30E-18 0. 3.40E-19 0. 0. 0. 5.SOE-18
2173.91-2197.80 2.80E-18 0. 2.40E-19 0. 0. 0. 5.50E-18
2197.90-2222.22 2.20E-18 0. 1.50E-19 0. 0. 0. 5.OOE-18
2222.22-2247.19 2.OOE-18 0. i.IOE-19 0. 0. 0. 4.5oE-iS
2247.19-2272.73 1.50E-18 0. 9.OOE-20 0. 0. 0. 4.00E-18
2272.73-2298.85 1.10E-18 0. ,OOE-20 0. 0. 0. 3.70E-18
2298.85-2325.58 1.00E-18 0. 5.SOE-20 0. 0. 0. 3.OOE-18
2325.58-2352.94 9.00E-19 0. 4.50E-20 0. 0. 0. 2.70E-1s
2352.94-2380.95 .OOE-19 0. 3.60E-20 0. 0. 0. 2-J0E-19
2380.95-2409.64 7.OOE-19 0. 3.OoE-20 0. 0. 0. 2.10E-18
2409.64-2439.02 6.OOE-19 0. 2.80E-20 0. 0. 3.50E-21 1.70E-;8
2439.02-2469.14 5.OOE-19 0. 2.10E-20 0. 0. 3.80E-21 1.20E-18
2469.14-2500.00 4.OOE-19 0. 2.OOE-20 0. 0. 4.OOE-21 1,COE-18
2500.00-2531.65 3.80E-19 0- 2.OOE-20 0. 0. 6.OOE-21 5.001-19
2531.65-2564.10 3.20E-19 0. 2.OOE-20 0. 0. 7.OOE-21 3.80E-19
2564.10-2597.40 3.OOE-19 0. 2.00-E20 0. 0. B.OE-21 2.60E-19
2597.40-2631.56 2.40E-19 0. 2.OOE-20 0. 0. 9.OOE-21 1.I0E-19
2631.58-2666.67 2.10E-19 0. 2.OOE-20 0. 0. 1.OOE-20 8.OOE-20
2666.67-2702.70 I.8OE-19 0. 2.OOE-20 0. 0. 1.20E-20 5.00E-20
2702.70-2739.73 1.SOE-19 0. 1.80E-20 0. 0. 1.SOE-20 2.20E-20
2739.73-2777.78 1.30E-19 0. 1.60E-20 0. 0. 1.70E-20 0.
2777.79-2816.90 1.00E-19 0. 1.20E-20 0. 0. 1.90E-20 0.
2816.90-2857.14 8.00E-20 0 l.1OE-20 0. 0. 2.1OE-20 0.
2857. 14-2898.55 6.OOE-20 0. 9.OOE-21 0. 0. 2.50E-20 0.
2898.55-2941.18 4.OOE-20 0. 6.SOE-21 0. 0. 3.OOE-20 0.
2941.18-2985.07 3.30E-20 0. 5.OOE-21 0. 0. 3.80E-20 0.
2985.07-3030.30 2.80E-20 7.OOE-21 3.20E-21 0. 0. 3.OOE-20 0.
3C30.30-3076.92 2.10E-20 7.50E-21 2.30E-21 0. 0. 4.00E-20 0.
3076.92-3100.00 1.90E-20 9 00E-21 1.80E-21 0. 0. 3.50E-20 0.
3100.00-3150.00 1.IOE-20 !.00E-20 7.OOE-22 0. 0. 4.50E-20 0.
3'50.00-3230.00 9.-OE-21 1.ICE-20 3.90E-22 0. 0. 3.00E-20 0.
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TaId, B2. Absorption Cross Sections for N2 0 HNO2, HNO3, CH4,
C0, . , and HO 2

WVELENGTH BAND CROSS SECTIONS (C2)
ANGSTROMS N205 HNO2 HN03 CH4 C02 CH20 ,'02

1215.67-1215.67 0. 0. 0. 2.80E-17 7.30E-20 9.OOE-18 0.
1162.79-1169.59 0. 0. 0. 2.80E-17 1.10E-19 0. 0.
1169.59-1176.47 0. 0. 0. 2.80E-17 8.80E-20 0. 0.
1176.47-1183.43 0. 0. 0. 2.80E-17 6.00E-20 0. 0.
1183.43-1190.48 0. 0. 0. 2.80E-17 4.70E-20 0. 0.
1190.48-1197.60 0. 0. 0. 2.80E-17 3.80E-20 0. 0.
1197.60-1204.82 0. 0. 0. 2.80E-17 4.00E-20 0. 0.
1204.82-1212.12 0. 0. 0. 2.80E-17 6.10E-20 0. 0.
1212.12-1219.51 0. 0. 0. 2.80E-17 7.40E-20 0. 0.
1219.51-1226.99 0. 0. 0. 2.80E-17 1.00E-19 0. 0.
1226.99-1234.57 0. 0. 0. 2.80E-17 1.20E-19 0. 0.
1234.57-1242.24 0. 0. 0. 2.80E-17 1.60E-19 0. 0.
1242.24-1250.00 0. 0. 0. 2.80E-17 1.80E-19 0. 0.
1250.00-1257.86 0. 0. 0. 2.80E-17 2.10E-19 0. 0.
1257.86-1265.82 0. 0. 0. 2.80E-17 2.80E-19 0. 0.
1265.82-1273.89 0. 0. 0. 2.80E-17 3.30E-19 0. 0.
1273.89-1282.05 0. 0. 0. 2,80E-17 4.20E-19 0. 0.
1282.05-1290.32 0. 0. 0. 2.80E-17 5.90E-19 0. 0.
1290.32-1298.70 0. 0. 0. 2.80E-17 7.00E-19 0. 0.
1298.70-1307.19 0. 0. 0. 2.47E-17 8.00E-19 0. 0.
1307.19-1315.79 0. 0. 0. 2.24E-17 8.30E-19 0. 0.
1315.79-1324.50 0. 0. 0. 2.07E-17 8.50E-19 0. 0.
1324.50-1333.33 0. 0. 0. 1.57E-17 8.70E-19 0. 0.
1333.33-1342.28 0. 0. 0. 1.33E-17 8.70E-19 0. 0.
1342.28-1351.35 0. 0. 0. 1.20E-17 8.70E-19 0. 0.
1351.35-1360.54 0. 0. 0. 1.00E-17 8.60E-19 0. 0.
1360.54-1369.86 0. 0. 0. 8.40E-18 8.10E-19 0. 0.
1369 86-1379.31 0. 0. 0. 5.90E-18 7.20E-19 0. 0.
1379.31-1388.89 0. 0. 0. 3.93E-18 6.40E-19 0. 0.
1388.B9-1408.45 0. 0. 0. 2.24E-18 6.00E-19 0. 0.
1408.45-1428.57 0. 0. 0. 6.72E-19 5.70E-19 1.00E-17 0.
1423.5?-1449.28 0. 0. 0. 6,72 -20 5.50E-19 7.00E-18 0.
1449.28-1470.59 0. 0. 0. 1.68E-20 5.70E-19 4.00E-18 0.
147C.59-1492.54 0. 0. 0. 1.12E-20 5.70E-19 5.50E-18 0.
1432.54-1515.15 0. 0. 0. 9.00E-21 S.00E-19 1.20E-17 0.
1515.15-1538.46 0. 0. 0. 5.60E-21 4.00E-19 1.80E-17 0.
1538.46-1562.50 0. 0. 0. 4.48E-21 3.O0E-19 9.00E-18 0.
1552.50-1587.30 0. 0. 0. 2.80E-21 2.50E-19 8.00E-19 0.
1587.30-1612.90 0. 0. 0. 1.12E-21 1.60E-19 0. 0.
1612.90-109.34 0. 0. 0. 8,00E-22 1.00E-19 0. 0.
1639.34-16t6.67 0. 0. 0. 0. 7.00E-20 0. 0.
tnb6.67-1694.92 0. 0. 0. 0. 4.00E-20 1.50E-18 0.
'6z, 92-1724 14 0. 0. 0. 0. 1.50E-20 1.20E-17 0.
,'24.14-1733.13 0. 0. 0. 0. 1.00E-20 6.OOE-18 0.

3-17 0 '00. 0. 0. 0. 8.00E-21 1.80E-18 0.
I, ; ,3-1763. 3 0. 0. 0. 0. 5.00E-21 0. 0.

0 17t 0 0. 0. 0. 0. 3.50E-21 0. 0.
0 - 7 4 0. 0. 0. 0. 3.00E-21 0. 0.

" '. 0. 0. 0. 2.X.E-21 0. 0.
. O. O. 0. 1 .50E-21 0 0.
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Table BI. Solar Fluxes and Absorption Cross Sections for 021 03s H2 0,
H2 02, NO2 NO and N 2 0 (Contd)

WAVELENGTH BAND FLUX CROSS SECTIONS (CM2)

ANGSTROMS PH/CM2/S/A 02 03 820 14202 N02 N03 N20

5700.00-5750.00 5.38E+i3 0. 4.75E-21 0. 0. 0. 6.OOE-19 0.

5750.00-5800.00 5.42E+13 0. 4.55E-21 0. 0. 0. 7.OOE-19 0.
5800.00-5850.00 5.42E+13 0. 4.35E-21 0. 0. 0. 7.OOE-19 0.

5850.00-5900.00 5.42E+13 0. 4.42E-2
1 

0. 0. 0. 9.OOE-19 0.

5900.00-5950.00 5.44E+13 0. 4.61E-21 0. 0. 0. 1.00E-18 0.

5950.00-6000.00 5.44E+13 0. 4.89E-21 0. 0. 0. 9.OOE-19 0.

6000.00-6050.00 5.42E+13 0. 4.84E-21 0. 0. 0. 8.00E-19 0.
6050.00-6100.00 5.40E+13 0. 4.54E-21 0. 0. 0. 7.OOE-19 0.

6100.00-6150.00 5.40E+13 0. 4.24E-21 0. 0. 0. 5.OOE-19 0.

6150.00-6200.00 5.40E+13 0. 3.90E-21 0. 0. 0. 4.OOE-19 0.

6200.00-6250.00 5.38E+13 0. 3.60E-21 0. 0. 0. 2.OOE-18 0.
6250.00-6300.00 5.36E+13 0. 3.43E-21 0. 0. 0. 1.80E-18 0.

6300.00-6350.00 5.34E+13 0. 3.17E-21 0. 0. 0. 6.OOE-19 0.
6350.00-6430.00 5.32E+13 0. 2.74E-21 0. 0. 0. 4.OOE-19 0.

6400.00-6450.00 5.30E+13 0. 2.61E-21 0. 0. 0. 2.20E-19 0.

6450.00-6500.00 7.90E+13 0. 2.40E-21 0. 0. 0. 2.00E-t9 0.

6500.00-6600.00 5.22E+13 0. 2.07E-21 0. 0. 0. 3.OOE-19 0.

6600.00-6700.00 5.18E+13 0. 1.72E-21 0. 0. 0. 2.OOE-18 0.

6700.00-6800.00 5.14E+13 0. 1.37E-21 0. 0. 0. 2.0VE-19 0.
6800.00-6900.00 5.09E+13 0. 1.1IE-21 0. 0. 0. 0. 0.

6900.00-7000.00 5.04E+13 0. 9.13E-22 0. 0. 0. 0. 0.

7000.00-7100.00 4.99E+13 0. 7.93E-22 0. 0. 0. 0. 0.

7100.00-7200.00 4.94E+13 0. 6.40E-22 0. 0. 0. 0. 0.

7200.00-7300.00 4.90E+13 0. 5.14E-22 0. 0. 0. 0. 0.
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"JI, 1A. Solar Fluxes and Absorption Cross Sections for 02, 03, H 2 0,
( 0, NO3, and N 2 0 (Contd)

aWAA'ci OGTH BAND FLUX CROSS SECTIONS (( M2)
--5 TROS P11/CM2/S, A 02 03 H20 H202 N02 NO, N20

3200.00--3250.00 1.62E+13 0. 1.50E-20 0. 0. 2.94E-19 0. 0.
-. 3250.00-3300.00 1.94E+13 0. 7.78E-21 0. 0. 3.38E-t9 0. 0.

3300.00-3350.00 1.79E+13 0. 3.72E-21 0. 0. 3.61E-19 0. 0.
3353.00-3400.00 1.8gE+13 0. 1.71E-21 0. 0. 4.17E-19 0. 0.
3400O0 0 -34 0.00 2.02E+13 0. 7.46E-22 0. 0. 4.30E-19 0. 0.
3450.O0-j500.00 2.06E 13 0. 2.66E-22 0. 0. 4.48E-19 0. 0.
3sOO00-3550.00 2.06E+13 0. 1.09E-22 0. 0. 5.53E-19 0. 0.
3550.00-3600.00 2.08E*13 0. 5.49E-23 0. 0. 4.96E-19 0. O.

* 3520.,)o0-3650.00 2.36E+13 0. 0. 0. O. 5.84E-19 0. 0.
3650.00-3700.00 2.46E+13 0. 0. 0. 0. 5.70E-19 0. 0.
3700.00-3750.00 2.4BE+13 0. 0. 0. 0. 1 5.74E-19 0. 0.
3753 oo-:jRoo.o0 2.34E+13 0. 0. 0. 0. 6.52E-19 0. 0.
2,1 !u.00-.1850.00 2.22E+13 0. 0. 0. 0. 6.45E-19 0. 0.
3b50.00-3900.00 2.18E+13 0. 0. 0. 0. 6.51E-19 0. 0.
3500.00-3950.00 2.38E+13 0. 0. 0. 0. 6.O8E-19 0. 0.
39S0.00-4000.00 3.08E+13 0. 0. 0. 0. 6.68E-19 0. 0.
4uo0.oo-405o.00 3 BOE+i3 0. 0. 0. 0. 6.52E-19 0. 0.
4050,o0-4'r00.00 3.98E+13 0. 2.91E-23 0. 0. 6.59E-19 0. 0.
4i0u.00-4150.00 3.98E+13 0. 3.14E-23 0. 0. 6.03E-19 0. 0.
4150.00-4200.00 4.04E+13 0. 3.99E-23 0. 0. 6.24E-19 0. 0.

i 4200.00-4250.00 4.02E+13 0. 6.54E-23 0. 0. 0. 0. 0.
42D0.00-4300.00 3.88E+13 0. 6.83E-23 0. 0. 0. 0. 0.
4300.00-4350.00 3.96E+13 0. 8.66E-23 0. o. 0. 0. 0.
4350.00-4400.00 4.50E.13 0. 1.25E-22 . 0. 0. 0. O.
"400.0D-4450.00 4.7BE+13 0. 1.49E-22 0. 0. 0. 0. 0.
4450.00-4500.00 4.96E+13 0. 1.71E-22 0. 0. 0. 0. 0.
450.00-4, $0.00 4.98E+13 0. 2.12E-22 0. 0. 0. 6.00E-20 0.
4550.00-4600.00 4.96E+13 0. 3.57E-22 0. 0. 0. 1.00E-19 0.
4600.00-.4650.00 5.00E+13 0. 3.68E-22 0. 0. 0. 8.00E-20 0.
465J.00-4700.00 5.10E+13 0. 4.06E-22 0. 0. 0. 1.20E-19 0.
47 0.00-4750-00 5.22E+13 0. 4.89E-22 0. 0. 0. 1.8OE-19 0.
41t,0.00-4800.00 5.18E+13 0. 7.11E-22 0. 0. 0. 2.40E-19 0.
4800.00-4850.00 4.92E+13 0. 8.43E-22 0. 0. 0. 2.10E-19 0.
4';o CO 4900.00 4.8BE+13 0. 6.28E-22 0. 0. 0. 2.40E-19 0.
4903.00-4950.00 5.06E+13 0. 9.09E-22 0. 0. 0. 2.40E-19 0.
49suo.oo-ooo.00 4.96E+13 0. 1.22E-21 0. 0. 0. 3.OOE-19 0.
5oo3.00-5050.00 4.98E+13 0. 1.62E-21 0. 0. 0. 3.OOE-19 0.
o,ooo-51oo.00 5.OOE+13 0. 1.58E-21 0. 0. 0. 4.OOE-19 0.

5100.Co--5150.00 4.86E+13 0. 1.60E-21 0. 0. 0. 4.50E-19 0.
515u. 0-5200.00 4.86E+13 0. 1.78E-21 0. 0. 0. 5.OOE-19 0.
-)O o-02 O.00 5.04E+13 0. 2.07E-21 0. 0. 0. 5.OOE-19 0.

3 3-310. 00 5.16E+13 0. 255E-21 0 0. 0. 6.OOE-19 0.
Ci 5 -5350.00 5.28E+13 0. 2.74E-21 0. 0. 0. 6.OOE-19 0.

3., -5400.00 5.34E+3 0. 2.88E-21 0. 0. 0. 5.OOE-19 0.
, .,4 0o.00 5.40C 3 0. 3.07E-21 0. 0. 0. 4.OOE-19 0.
50u.00 5,36E+13 0. 317E-21 0. 0. 0. 6.OOE-19 0
,,0.00 32F+'30. 3.36E-21 0. 0. 0. 6.50E-19 0.

.. ' . 0 3.88E-21 0. 0. 0. 7.OOE-19 0.

--, - 0 . 4 31E-21 0. 0 0. 6.OOE-19 0.
t A 5-30.00 b 3 4 E13 0. 4.67E-21 0. 0. 0. 6.OOE-19 0.
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Tabh, 131. Solar Fluxes and Absorption Cross Sections for 0 0, II 022
No,, NO 3  and N 2 0 (Contd)

WAVELENGTH BAND FLUX CROSS SECTIONS (CM2)
ANGSTROMS PH/CM2/S/A 02 03 20 1202 N02 N03 N20

1792.60-1803.60 1.01E+10 0. 7.77E-19 1.02E-18 0. 0. 0. 0.

1803.60-1816.40 1.27E+10 0. 7.60E-19 6.98E-19 0. 0. 0. 0.
1816.40-1830.60 1.42E+10 0. 7.33E-19 3.64E-19 0. 0. 0. 0.
1830.60-1846.20 1.29E+10 0. 6.99E-19 1.80E-19 0. 0. 0. 0.

1846.20-1863.40 1.31E+10 0. 6.56E-19 6.51E-20 0. 0. 0. 0.
1863.40-1882.20 1.63E+10 0. 6.06E-19 0. 0. 0. 0. 0.

182.20-1902.40 1.92E+10 0. 5.45E-19 0. 9.79E-19 0. 0. 0.
1902.40-1924.00 2.29E+10 0. 4.8E-19 0. 8.10E-19 5.25E-19 0. 1.26E-19

1924.00-1947.00 3.61E+10 0. 4.36E-19 0. 7.03E-19 4.83E-19 0. 9.OOE-20

1947.00-1971.80 4.68E+10 0. 4-O1E-19 0. 6.15E-19 4.001-19 0. 8.00E-20
1971.80-1985.00 6.21E+10 0. 3.42E-19 0. 5.64E-19 3.50E-19 0. 7.OOE-20
idr.00-2000.00 6.85E+10 0. 3.28E-19 0. 5.43E-19 3.30E-19 0. 5.50E-20
2000.00-2025.00 7.33E+10 0. 3.26E-19 0. 5.16E-19 3.50E-19 0. 4.OOE--20

2025.00-2050.00 8.74E+10 0. 3.28E-19 0. 4.79E-19 4.OOE-19 0. 2.50E-20

2050.00-2061.96 1.10E+11 1.05E-23 3.51E-19 0. 4.66E-19 4.20E-19 0. 2.OOE-20
2061.86-2083.33 1.96E+11 1.00E-23 4.IIE-19 0. 4.42E-19 4.30E-19 0. 1.70E-20
2083.33-2105.26 3.33E+11 9.55E-24 4.84E-19 0. 4.22E-19 4.40E-19 0. 1.10E-20

2105.26-2127.66 4-21E+11 8.93E-24 6.26E-19 0. 3.92E-19 4.54E-19 0. 4.OOE-21

2127.66-2150.54 4.63E+11 8.28E-24 8.57E-19 0. 3.63E-19 4.58E-19 0. 2.OOE-21
2150.54-2173.91 5.73E+11 7.60E-24 1.17E-I1 0. 3.40E-19 4.62E-19 0. 1.1OE-21
2173.91-2197.80 5.53E+11 6.92E-24 1.52E-18 0. 3.19E-19 4.50E-19 0. 1.00E-21

* 2197.80-2222.22 7.08E+11 6.26E-24 l.97E-18 0. 2.98E-19 4.25E-19 0. 4.OOE-22
2222.22-2247.19 7.21E+11 5.65E-24 2.55E-18 0. 2.67E-19 4.OOE-19 0. 2.80E-22
2247.19-2272.73 7.13E+11 5.03E-24 3.24E-18 0. 2.49E-19 3.50E-19 0. 2.OOE-22

2272.73-2298.85 8.65E+11 4.40E-24 4.OOE-18 0. 2.36E-19 3.OOE-19 0. 1.20E-22

2299.85-2325.58 8.98E+11 3.76E-24 4.83E-18 0. 2.16E-19 2.50E-19 0. 7.OOE-23

2325.58-2352.94 8.22E+11 3.09E-24 5.79E-18 0. 1.99E-19 2.00E-19 0. 5.00E-23
2352.94-2380.95 7.89E+11 2.44E-24 6.86E-18 0. 1.81E-19 1.18E-19 0. 3.00E-23
2380.95-2409.64 8.09E+11 1.75E-24 7.97E-18 0. 1.66E-19 1.OOE-19 0. 2.00E-23
249.64-2439.02 8.51E+lt 6.74E-25 9.00E-18 0. 1.48E-19 7.OOE-20 0. 1.10E-23
2439.02-2469.14 9.07E+11 0. 1.00E-17 0. 1.30E-19 5.00E-20 0. 9.00E-24

2469.14-2500.00 9.33E+il 0. 1.07E-17 0. 1.22E-19 3.60E-20 0. 8.00E-2A
2530.00-2531.65 9.54E+11 0. 1.11E-17 0. 1.08E-19 2.50E-20 0. 7.00E-24
2531.65-2564.10 1.22E+12 0. 1.12E-17 0. 9.30E-20 1.50E-20 0. 6.00E-24

2564.10-2597.40 2.14E+12 0. 1.1IE-17 0. 8.43E-20 1.70E-20 0. 5.00E-24
2597.40-2631.58 1.28E+12 0. 1.03E-17 0. 7.49E-20 1.90E-20 0. 5.00E-24
2631.58-2666.67 3.19E+12 0. 9.43E-18 0. 6.39E-20 2.10E-20 0. 5.00E-24
2666.67-2702.70 3.47E12 0. 8.23E-18 0. 5.64E-20 2.90E-20 0. 5.00E-24
2702.70-2739.73 3.13E+12 0. 6.81E-18 0. 5.00E-20 3.70E-20 0. 5.20E-24

2733.73-2777.78 3.13E+12 0. 5.31E-18 0. 4.33E-20 4.20E-20 0. 5.90E-24
2777.78-2816.90 3.53E+t2 0. 3.99E-18 0. 3.62E-20 5.00E-20 0. 6.00E-24
2816.90-2857.14 4.22E+12 0. 2.84E-18 0. 3.27E-20 6.50E-20 0. 5.40E-24
2957.14-2898.55 5.94E,12 0. 1.92E-18 0. 2.91E-20 8.00E-20 0. 5.O0--
:2Ba.55-2941 18 9.15E+12 0. 1.14E-18 0. 2.53E-20 9.00E-20 0. 5.60E-24
;341.18-29d5.07 9gE+12 0. 6.60E-19 0. 2.15E-20 1.20E-19 0. 5.102-24

.-95.07-3030.30 8.53E12 0. 3.63E-19 0. 1.75E-20 1.33E-19 0. 5.00E-24

'30.30-3076.92 1.0E 13 0. 1.97E-19 0. 0. 1.65E-19 0. 4.20E--4
* 2-3 -7.03 2.57E. 3 0. .0C5E-19 0. 0. 1.97E-19 0. 3.4r-34

CC- C. .o .21--13 0. .2 -. 3 0. 0. 2.24E-19 0. .7;--
.,:3.00-32O .C0 1.39E 13 0. 2.91E-20 0. 0. 2.61E-19 0. 0.
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Tabl [1. Solar Fluxes and Absorption Cross Sections for 021 031 190,
N2 0 2 , 2, NO and N20

2 31 20

WAVELENGTH BAND FLUX CROSS SECTIONS (CM2)
INGSTROMS PH/CIM2/S/A 02 03 H20 H202 NO2 NO3 N20

1215.67-1215.67 3.00E11 1.00E-20 2.32E-17 0. 0. 0. 0. 0.
11C2.79-1169.59 1.51E+07 2.00E-20 7.80E-18 0. 0. 0. 0. 0.

!169.59-1176.47 3.87E+07 1.25E-18 7.97E-1B 0. 0. 0. 0. 0.
1176.47-1183.43 1.61E+07 2.55E-19 8.66E-tB 0. 0. O. 0. 0.
1183.43-1190.48 1.76E+07 3.00E-20 9.51E-18 0. 0. 0. 0. 0.
11,0.48-1197.60 1.55E+07 3.75E-19 1.25E-17 0. 0. 0. 0. 0.
1'97.60-1204.82 ;.!t+O7 4.45E-18 1.84E-17 0. 0. 0. 0. 0.

1234.82-1212.12 1.01E+08 8.35E-18 2.19E-17 0. 0. 0. 0. 0.
1212.12-1219.51 3.08E+08 6.00E-19 2.30E-17 0. 0. 0. 0. 0.
1219.51-1226.99 4.91E+08 2.35E-19 2.26E-17 1.99E-17 0. 0. 0. 0.
1226.99-1234.57 1.80E+08 4.50E-19 2.06E-17 6.15E-18 0. 0. 0. 0.
!234.57-1242.24 1.51E+08 3.35E-19 1.30E-17 5.16E-18 0. 0. 0. 0.
1242.24-1250.00 9.69E+07 1.75E-17 8.91E-18 1.10E-17 0. 0. 0. 0.
1259.00-1257.86 1.05E+08 8.95E-19 7.24E-18 6.39E-18 0. 0. 0. 0.
1:57.86-1265.82 1.19E+08 4.30E-19 6.09E-18 7.13E-18 0. 0. 0. 0.

1,'95.02-12 7 3 ,8 9 
1.03E+08 1.10E-19 5.66E-1B 7.84E-18 0. 0. 0. 0.

1271.89-1282,05 7.96E+07 2.05E-19 5.87E-18 7.48E-18 0. 0. 0. 0.

1202.05-1290.32 5.71E 07 4.43E-19 6.47E-18 7.82E-18 0. 0. 0. 0.
1::93.32-1238.70 7.16E+07 5.55E-19 8.14E-18 7.64E-18 0. 0. 0. 0.
1298.70-1307.19 3.89E+08 4.20E-19 1.24E-17 6.71E-18 0. 0. 0. 0.

13D7.19-1315.79 2.06E+08 6.85E-19 1.52E-17 6.75E-18 0. 0. 0. 0.
1315.79-1324.50 0.68E+07 1.45E-18 1.47E-17 5.67E-18 0. 0. 0. 0.
1214.50-1333.33 1.73E+08 2.25E-18 1.51E-17 4.93E-18 0. 0. 0. 0.
• !3.33-1342.28 2.79E+08 2.30E-18 1.51E-17 5.00E-18 0. 0. 0. 0.
13,:2.28--1351.35 1.03E+08 4.55E-18 1.65E-17 3.69E-18 0. 0. 0. 0.
'J51.35-1360.54 1.62E+08 7.23E-18 1.54E-17 3.36E-18 0. 0. 0. 0.
'350-54-1339.S6 1.23E+08 9.50E-18 1.35E-17 2.42E-18 0. 0. 0. 0.

I 1).Ui-1379.31 1.37E+08 1.23E-17 1.05E-17 1.60E-18 0. 0. 0. 0.
$J'9.31-1338.89 1.20E+08 1.32E-17 7.97E-18 1.60E-18 0. 0. 0. 0.
2838.89-14013.45 2.93E+08 1.36E-17 7.17E-18 1.19E-18 0. 0. 0. 0.
iI3.45-1428.57 2.iOE+08 1.40E-17 6.28E-18 7.00E-19 0. 0. 0. 0.

.,57-1449.28 2.49E+08 1.48E-17 5.66E-18 5.03E-19 0. 0. 0. 0.
" . 213-147'3.59 2.94E+08 1.41E-17 5.23E-18 4.96E-19 0. 0. 0. 0.

S10.59-;492.54 4.06E+08 1.29E-17 4.47E-18 6.87E-19 0. 0. 0. 0.
!4u2.54-1515.15 4.55E+08 1.15E-17 3.69E-18 9.45E-19 0. 0. 0. 0.

'-5.15-153H.46 5.96E+08 9.91E-18 2.93E-18 1.38E-18 0. 0. 0. 0.
-33.46-1562.50 9.36E+08 8.24E-18 2.19E-18 1.84E-18 0. 0. 0. 0.
l;2 50-1587.30 8.59E+09 6.58E-18 1.63E-18 2.44E-18 0. 0. 0. 0.

!')67.30-1612.90 8.05E+08 4.97E-18 1.20E-18 3.20E-18 0. 0. 0. 0.
• 6 2, 9-10 39.3

4  
1.29E+09 3.45E-18 9.77E-19 3.91E-18 0. 0. 0. 0.

1 1?4-1665.67 2.06E+09 2.OdE-18 6.66E-19 4.64E-18 0. 0. 0. 0.

,.7-16 ,4.92 2.84E 09 1.23E-18 8.14E-19 4.57E-18 0. 0. 0. 0.
2-172-.14 4.72 ,09 7.22E-19 8.17E-19 4.35E-18 0. 0. 0. 0.

4 1-1, 9.13 4.93E.09 4.567-19 8.57E-19 3.57E-18 0. 0. 0. 0.
. ) 13-17b0.00 5.49E+09 2.74E-19 8.40E-19 2.64E-18 0. 0. 0. 0.
".0.0-1 .20 6.2,3 0. 8.18E-19 2.64E-18 0. 0. 0. 0.

73.2 --753.60 7.6cE.39 0. 8.04E-19 2.22E-18 0. 0. 0. 0.
,- " , q :.;-, 0. d. :.-'9 2.C.4E-168 0. 0. 0. 0.

- . .. .~. -:o 0. 7 .- 5-- 9 1 .8ZE-18 0. 0. 0. 0.
-.),-,7 - u'. J u.,.L-JJ 3. 7.o;--19 1.42E-:8 0. 3. 0. 0.
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and

CH 9O + hv--e. CO + H 2

for wavelengths from 240 to 360nmn. The absorption cross sections for this mol-

ecule are taken from McQuigg and Calvert B 14 and Calvert et al. B15 These authors

also give the quantum efficiencies for these processes. Table B19 lists the tot:!
photo(issociation rate coefficients for formaldehyde. If both of the above proces-,

are considered to occur for this molecule, then the values presented in Table 1319

must be multiplied by the relative efficiencies as given by McQuigg and CalvertB1 4

and Calvert et aiBI 5 for each of these reactions.

B i 1. TIHE I!i I)IIPEIROXYI, RAi)I(:.

The primary photodissociation process for the hydroperoxyl radical is

110) + hv--.OH + 0 X<456nm.

Th(, absorption cross sections used for H02 are a composite of the measurememi

of liochanadel et al B 16 and Paukert and Johnston. B17 The photodissociation rate

coc,'ficients for this radical are listed in Table B20.

Wi :Q.ii, H .D., and Calvert, J.G. (196!)) The photodecomposition )I C21)(:,
('1)20, CtI-D() and CI I20-CD2)0 inixtures at xenon flash lamp itinsit kS,

.1. Ami. Cheim. Soc. '1:1590-1599.

I:! . QlVt v,,l, J .(;., Kerr, J.A., Derncrjian, K.L., and McQui g, Hf.1). (1''72)
MNA)IU)lsiS of 10 rnIld Uliyd C as a hydrooin atom source in the 10\'.i " a t
* de, (,, ,cience 175:751-752.

RD;, 1hc) irna~t-cl, C.J., ;ho rmley, A., and Ogren, l'.J. (1972) Absocplion
*.urn and reaction kinetics of the HO, radical in the cras phase, .1 , .,, e
PS\ (':,.5}4426;-4432.

P, I 'aukt, I .T. , and Johnston, A. S. (1)72) Spectra and kinetics of i, ,
p . \.1 ree r'adical in t h, gas phase, J. Chem. Phys. 56:2I82-1-2 ', ,
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*for wavelengths from 116G to 164 nm. Most of the CH 4 photodissociation occurs at

Lyman et line 121. 6 nm. The values listed in Table B16 are the total photodis-

-. ) Jatjof rate coefficients for methane. If the above processes have equal effi-

vunitjies, then each process would have rate coefficients equal to half of the values

Sin the table. The absorption cross sections for this molecule are taken
B10

%Vatanabe et al.

The photolysis of carbon dioxide can be proceed by two different processes:

(10 2 +hv-..CO +0( D) 116. 2 < <166 nm

('0 9 +hv-CO+O0 166 < X<215nm.

* Thsorption cross sections for this molecule are taken from Inn et al,~i
B12 B13

and Ogawa. The photodissociation rate coefficients for the pro-

v Lcldiflg excited atomic oxygen are listed in Table B17, and those for thle pro-

yielding ground state atomic oxygen are listed in Table BIB.

\Lthou~lh formaldehyde can he photodissociated in several ways, the primary

Lyic Processes arc,

* _ 11 3(0 11 V- CIIO + F-i

\\ atanahe, 1K. , Zelikoff, IM. and Inn, F. C. Y. (1953) Absorption Coefficient
* of Several Atmiospheric Gases, Geophys. Res. Paper, 21, Tech lRpt.

ATI L:7 - 3.
[ nn, F. C, Y., , atanabe, 1K. , and Zelikoff, Al. (1953) Absorption coefficients

of -ascs inl the vacuum11 ultraviolet. P-art III. CO2 J. Chem. Phys.
.2 1-1 648",- 16531.

0 lloiliuerl, J. (170-t) C0, absorption coefficient 1655- 1825 A, J. Geophys.
[1e-s. 75-_,_74-._57 ,

)2a a, \1. W(1 71) Ah-1).4rption croTss sections Of 02 and] C0 2 continua in the
Schuma iv'V riiw J. (lii. Phys. 54:2550-2556.
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K cule are taken from Jones and WulfB 9 and Johnston and Graham. 13S

ciation rate coefficients are lis+ed in Table B13.
[ ..

B9. NITIHI A I )

The photodissociation of nitrous acid probably proceeds as

INO 2 + hv- OH + NO.

The absorption cross sections for this molecule between 300 and 390nm are those13
given by Johnston and Graham. Since 02 is not an efficient absorber of radiation

in this wavelength interval, the photodissociation rate coefficients for HNO 2 are

listed in Table B14 only as a function of the column density of ozone.

I NIiI I 1!)

The primary photolytic process for nitric acid is

- NO 3 + hi) - OH + NO 2

over tiie broad wavelength region from 192 to 325 nm. The values for the absorp-
13

tion cross sections for this gas are taken from Johnston and Graham. The nitric

acil photodissociation rate coefficients are listed in Table B15.

IFII I'TI I % NI,1

Thc photodissociation processes for methane ar,

('H l hV--- CII 2  1 II

H .1I)n,,s, I .J., and VlWUif, 0. I. (1937) The absorption coefficient of nitrogen
pintoxide in the ultraviolet and the -isible a, sorption spectrum of No,..,
J. Chmci. [hys. 5:873-877.

* " G



NO., + hi'- NO 1- O 2

!'r wavelengths longer than 578 nrn. For wavelengths below 578 nm, it is not

h nown whether the products are NO 2 + 0 or NO + 02. In Table B11, all the photo-

Ci -KI:ociation of this radical is assumed to produce NO + 02. The absorption cross

s ,ctions for this molecule are taken from Johnston and Graham. 13 Since molecular

w,'cygen is not an efficient absorber for radiations above 45Unm, the photodissocia-

* ~ fl ate coefficients for this molecule are given only as a function of the ozone

notnumn density.

|- "17. NI'I'OIs OXI)IE

Ine primary photolytic process for nitrous oxide according to Preston and,a-r B 6 is

.N,2 1 h IN 0( 1 D), X< J37nrn.

i , 10 nin, ncr-cn atoms in thl S state may be produced. For the calculations

t' ,.-o,' tI in this report, Table B12 was computed with all of the photodissociation

S,() Pt oduciny 0( D). Th, absorption cross sections below 205nrn are from
137 B. i, ,ff 1., al and above 205 nn, from Bates and Hayes. B8

0 Th , IWp1i,1t 1 v prce(, , s il tle photolysis of N0- are not w,:ell iin1,''st,)d

. ' :, lilt . lt'il)ut U thoe pil ,todisSociation of this inoleculh, to

liv - X.,) ()-.- 9 N V 0

I, ,, . hs i "oIn 21( to 80(1 mI. The absl orption cr.oss s,.ti, ,- 1ii.n,

f.-olll nin.

t...,,,n," ' K. i",, ' i IBar 1', W l" (1 71) ri a ro ss( in thn.,' pliw vi l .i
')[ ] i I' )l] ( 7"[{I ' , ( 'll '] IP lly , . )-,f., : 4 7 -' ... ..

1/.. ii:off, ., \\ it anab' , K., 2nd 1 it i, V.C. Y. (1, 5:) .A sorptinn -). f ic i

;::t. -,m >1 . ni., , .'a i.\:t,. I I ) a em 11. Nt' ' U lOU.5 ,. ihn , ., (il. m* I li lt I p -t I " 'I 1,"). ])1]

I I I 1\'- / \ in ii HI; w OSI ~ liA ltO cou Ia
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Table B22. Electron Impact Ionization Cross Sections

PROCESS I cofo  Q y P

e + N2--2 N + N +  + 2e 25.0 0.380 0.96 2.0 1.0 1.2

+ 4
e + 02--- + 0O (S) + 2e 18.0 0.400 0.93 3.0 1.0 1.1

e+ 0 2 --- O+ 0+(2D) + 2e 22.0 0.250 0.93 3.0 1.0 1.1

e+O -- O+( 4 S)+ 2e 14.0 0.290 0.85 1,0 0.3 1.2

+ 2
e + O -- O(D) + 2e 17.0 0.360 0.85 1.0 0.3 1.2

e + N 2 -- * N 2 + 2e 15.0 0.370 0.80 3.0 1.0 1.2+

e + O2- 09 + 2e 12.0 0.058 0.80 2.0 1.0 1.1

0 Table B23. Rate Coefficients for Energetic Electron Impact Reactions

1. N 2 - e-.-N -- N + 2,

z(krn) Solar Zenith Angle

49.780 61. 500 76.220 97. 160
95 0 0 0 0

100 3. 54E-12 7. 83E-13 3. 37E-15 0
130 7. 46E-10 5.79E-10 3.07E-10 0
170 2.60E-09 2.25E-09 1.45E-09 0
210 3.92E-09 3.69E-09 3.03E-09 0
250 4.73E-09 4.61E-09 4.22E-09 0
300 5.27E-09 5.2 1E-09 5.04E-09 0
400 2. 63E-09 2. 60E-09 2. 52E-09 0

S4
2. 09- e-.-0 + 0 (S) 2e

z(krn) Solar Zenith Angle

49. 7& 61. 500 76. 220 97. 160
95 3 0 0 0

100 4.38E-12 9.68E-13 4. 16E-15 0
130 1. OOE-09 7. 49E-10 3. 87E-10 0
170 4. 50E-09 3.84E-09 2.20E-09 0
210 7. 31E-09 6.81E-09 5.35E-09 0
250 3 86E-09 8.59E-09 7.73E-09 0
300 9. 78E-09 9. 61E-09 9. 25E-09 0
400 4. 38E-09 4.81E-09 4.62E-09 0
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Table B23. Rate Coefficients for Energetic Electron Impact Reactions (Contd)

+23. 02 + e--O + 0+( D) + 2e

z(km) Solar Zenith Angle

49. 78c 61. 500 76.220 97. 160
95 0 0 0 0

100 2.06E-12 4.56E-13 1.97E-15 0
130 4.11E-10 3. 22E-10 1.74E-10 0
170 1.35E-09 1.17E-09 7.74E-10 0
210 2.01E-09 1.90E-09 1. 57E-09 0
250 2.42E-09 2. 36E-09 2.17E-09 0
300 2.70E-09 2.67E-09 2.59E-09 0
400 1. 35E -09 1. 33E-09 1. 29E -09 0

04. - e-0( 4 S) + 2e

* z(km) Solar Zenith Angle

49.780 61.500 76.220 97.160
95 0 0 0 0

100 5.90E-12 1. 29E-12 5.53E-15 0
130 2.08E-09 1.29E-09 5.73E-10 0
170 2.37E-09 1.79E-03 7.26E-09 0
210 4.26E-08 3.85E-08 2.70E-08 0

--- 250 5. 09E-08 4. 88E-08 4. 22E -08 0
300 5. 22E -08 5. 08E-08 4. 82E-08 0
400 2.61E -08 2.54E-08 2.41E-08 0

5. 0 -- -. 0+( 2 D) + 2e

z .(kin) Solar Zenith Angle

S49. 780 61.500 76.220 97.160
95 0 0 0 0

100 4. 23E-12 9. 30E-13 3. 98E-15 0
130 1.28E-09 8.51E-10 3.40E-10 0
170 1. 07E-08 8. 35E-09 3. 80E-09 0
210 1. 84E-08 1. 68E-08 1. 22E-08 0
250 2.22E-08 2. 13E-08 1.86E-08 0
300 2.36E-08 2.31E-08 2.20E-08 0
400 1. 18E-08 1. 15E-08 1. IOE-08 0
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.Table B23. Rate Coefficients for Energetic Electron Impact Reactions (Contd)

6. N 2 + e-*N 2 + 2e

z(km) Solar Zenith Angle

49.780 61.500 76.220 97.160
95 0 0 0 0

100 6. 12E-12 1. 34E-12 5. 80E-15 0
130 1. 55E-09 1. 11E-09 5. 52E-10 0
170 9.31E-09 7.51E-09 3.86E-09 0
210 1. 54E-08 1. 42E-08 1. 07E-08 0
250 1. 87E-08 1.80E-08 1. 60E-08 0
300 2.02E-08 1.98E-08 1. 90E-08 0
400 1. 01E-08 9.91E-09 9.49E-09 0

7. 02 + e-o0 +2e
2 2

z(km) Solar Zenith Angle

49.780 61. 50' 76. 22" 97.160
95 0 0 0 0

100 1. 81E-12 3. 97E-13 1. 70E-15 0
130 6. 32E-10 3. 94E-10 1. 76E-10 0
170 7. 14E -09 5. 40E-09 2. 19E-09 0
210 1. 29E-08 1. 17E-08 8.18E-09 0
250 1. 55E-08 1. 48E-08 1.28E-08 0
300 1. 60E-08 1. 53E-08 1. 45E-08 0
400 7.90E-09 7.67E-09 7.27E-09 0

228. N 2 +e-.-N +N(2D) +e

z(km) Solar Zenith Angle

49.780 61.500 76.220 97.160
95 0 0 0 0

100 1. 64E-11 3.59E-12 1. 54E-14 0
130 6.27E-09 3.71E-09 1. 60E-09 0
170 9.42E-08 6. 93E-08 2. 53E-08 0
210 1. 82E-07 1. 63E-07 1. 11E-07 0
250 2.22E-07 2. 12E-07 1. 81E-07 0
300 2. l1IE-07 2. 03E-07 1. 91E-07 0
400 1. 05E-07 1. 01E-07 9.55E-08 0
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- 7-

Appendix C

The Computer Code

The computer code used to develop the simulated atmosphere described in this

roport is presented in detail in this Appendix.

To conserve computer memory, the code was written in OVERLAYs. Once all

the initialization is completed at the beginning of a run, there is no need to retain

in meniory all the code that accomplished this.

The code is written in FORTRAN IV for a CDC 6600 mainframe computer. It

aso utilizes a large block of extended core storage for saving the concentration ar-

ta.s, the average velocity arrays, and the reaction rate coefficient arrays at the

hc innim of each time step. If extended core is not available, these sections of the

U(A,, hav to he rewritten to use whatever disk or, as a last resort, tape storage is

avaiialle. Using disk or tape storage significantly increases the residence time of

til CO) P 011 the' comiputer.

HI. 1 kII N ( 11i11u, (o.m)

rI:. main ov ,rlay is 'elatively short. It defines all the blank COMMON vari-

,hls shar.ed by all the over'lays. It also defines the parameters that describe the

idation to be. generated as well as the error criteria. It calls OVERLAYs (1, 0)

l (2, )
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(:1.1 BLiik (OMI MON

There are 692 height steps between the lower and the upper boundaries in this

model. The 424 height steps between the lower boundary and 120 km represent the

region over which the negative ions and the cluster ions are calculated.

N is one of the dependent variable arrays. It contains the altitude distribution

of the concentrations of the 26 species in the transport mode plus the arrays for

O(ID), N2 ,+ O+(2D). and the electrons.

CONC is also a dependent variable array. It contains the height distributions

for those species considered over the smaller altitude region.

U is another dependent variable array. Here are stored the values at each al-

titude of the average velocities of those species in the transport mode.

NZERO and UZERO are working arrays that contain the values of N and U for

the particular species whose set of equations is being solved at any given time.

FORM and REMV contain the altitude arrays of the rate of chemical formation

[P in Eq. (1)] and chemical removal [L in Eq. (1)] for the species whose equations

are being solved.

E and F contain the altitude arrays of E and F in Eq. (28) for the species under

consideration.

Z is the altitude array in kilometers.

DEDY is the array containing the fixed vertical turbulent diffusion coefficients.

TEMP is the array containing the fixed temperature profile.

DTEMDZ is the array of the values

1 dT(z) (C1)
TT) dz

DFLLTAZ is the array of height increments in centimeters.

SUNSFT is the array containing the sunset solar zenith angle at each altitude.

cdRAV is the sea level acceleration of gravity.

COSD = cos (declination)'.cos (latitude).

SiND = sin (declination)4'.sin (latitude). Both COSD and SIND are used in com-

puting the solar zenith angle.

TIME is the independent variable. Time is ineasured in seconds, with time =

0 as noontime of solution clay 1.

CXI is the solar zenith angle in radians and is a function of the local time.

RADIUS is the radius of the earth in kilometers.

ISIPKCI is the total number of species included in the code.

IKSPIFCI is the number of species in the transport mode.

NREAC is the number of temperature independent chemical reactions.

NL{EAC2 is the number of temperature dependent chemical reactions.
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K is the number of height steps over which the equations are to be integrated.

KMIN1 = K - 1.

ITURB is the index of the height of the turbopause in the Z array.

CX'INOON is the noontime solar zenith angle.

SCXI is the local solar zenith angle in degrees.

( 1.2 I'abelled O(MM11ON

C1.2.1. COMMON/ESM/

)LDA, OLDCON, and OLDU are the extended core arrays corresponding to N,

CONC, and U respectively.

RATVS is the extended core array containing the values of the height dependent

rtact in rate constants for the 88 temperature dependent reactions. These four

%.1rAiahl, are also defined in the LEVEL statement in all programs where they

applY.

C'1. 2.2 COMMON/TIMES/

!)A" S is the variable that contains the number of solution days over which the

(jal i ll:- ,ill he solved.

D)1K, F alviays contains the current value of the time step in seconds.

4 MAX is the ma:dmum value in seconds that the time step will be allowed to

hav. Th* value is 1800 seconds in code presented here.

TSE ; is the time in seconds after noontime of sunset at the lower boundary.

{ISIFK is he time in seconds after noontime of sunrise at the upper boundary.

('1. '2; COMMON/ALTITUD/

; i e }ie altitude of the lower boundary in kilometers.

i . 0,.t- altitude of the u,,per boundary in kilometers.

V 1 i the altitude of the turbopause in kilometers.

/-I \N- i-. th(. altitud , of the day-night transition height. During the day, it

. , and, during the night, it is set at 400 km.

SCOMIMON/RYSTART/

H- IVA '11 i tii,. number given to a particular solution file on the interrupt file

n , I. i. ,fih.- arc numhered sequentially from 1.

T()f 1 tioe nuriher of seconds that must be allowed the program to dump onto

, iI, It ii . all the, information needed to restart the code at the point when it

."Li : , cpt,.d. 'li The final solution of these sets of equations takes many hours of

W .cf.)11put,.r tinie. Because of this, the code is normally run for a few

(,o4, auty -1), then stopped, and a clump is taken. Later, the code is restarted

: ,it, eon'inued for another period of t lim, and another dump is taken.
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This routine is repeated until the calculations reach a point where they repeat the

solution over each diurnal cycle (usually about 20 days of problem time).

TYME is the time in seconds of the current computer run. The computer

stops executing the code and dumps when

TYME - (time running) K 7'OFF.

TODAY is the date when the run was made and is printed out as XX/XX/XX.

C1.2.5 COMMON/OUTPUTS/

TIMOUT is a variable that gives the code the frequency in hours with which to

send the solutions to the OUTPUT and the interrupt files. The solutions after

every time step are not saved. Only those solutions occurring at TIMOUT hours

and at interrupts are sent to OUTPUT and are preserved on Tape 4.

OPRINT is the variable containing the irequency in hours at which solutions

are to be written on Tape 4. Except on interrupts, TIMOUT is incremented by

OPRINT every time a solution set is written to Tape 4.

PRINT is a logical parameter under program control that determines whether

writing to Tape 4 will take place after a solution is accepted (PRINT =.TRUE.) or

will not (PRINT=. FALSE.).

C1.2.6 COMMON/ERRORS/

ERRMAX is the criterion for acceptance of a solution. When the relative

change of all species at all altitudes over successive iterations is less than

ERRMAX, the iteration is stopped and the solution for that time step accepted.

ERSPECI is the criterion for stopping the iteration of individual species.

Since the solutions converge faster for some species than for others, a good deal

of computer time can be savd by no longer iterating the equations for those spe-

cies whose relative change is less than ERSPVCI. Of course, ERSPFCI must be

m1uch siuallhr than EIRMAX.

IT MAX is the maximum number of iterations to be allowed for any given solu-

tion. If any species have not converged after ITMAX iterations, the iterating is

stopped and the last solutions computt-d are accepted. With ITMAX = 100, this sit -

uat ion has never arisen.

C1. 2.7 COMMON/CONSTAN/

PI = 1. 14151)2653.-0.

HAI)DEG = PI/180 is the conversion factor for degrees to radians.

1L(;kAJ) = 180/i11 is the conversion factor for radians to degrees.

ItAI)S;C I= I/43200 is the conversion factor for changing local time in seconds

to Lok'al (ur anhl' in radians.
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BOLTZ = 1.38047 x 10-16 ergs/K is Boltzmann's constant.

SIN2I is the square of the sine of the magnetic dip angle.

ATCON = 1.660356 x 10-24 is the mass of the hydrogen atom in grams.

Cl.2.8 COMMON/JAYS/

The labeled COMMON/JAYS/ contains the photodissociation rate coefficients

for reactions 192 through 205. The locations reserved in this labeled COMMON

ac, initialized from file Tape 3 by PROGRAM INITIAL.

C1.2.!) COMMON/COLFRE/

The array D contains the invariant part of the collision frequencies vij.

1 a 2 [ (mi+ mj~ 1/2
I)(orI] = I + j 27rk I + (C2)

Ui. 2. 10 CO1VIMON/ATCONS/

Tk-- arrays in the labeled COMVION/ATCONS/ all pertain to the atomic and

4 - LaL constants.

\VT contains the atomic or molecular weights of the 26 species in the trans-

AIhS.- =ATWT*ATCON contains the mass in grams of the 26 species in the

I l0 {l epi ct orudc

TIhl{\I! contains the thermal diffusion factors for the 26 species in the trans-

'>01"t n'r,,. Where values are not known, the thermal diffusion factor is set to

'1[\, , ., .'!,, r,cnoves any thermal diffusion effect for that species.

"Y',-)OI .contains the alphanumeric identification of each of the 56 species in
! ', Ii [

P')I,.\F cotltains the polarizabilities of the species in the transport mode. For

• J' p.. Ilarizabilities are not known, the value is set to zero to remove the

,'i. 1% II ()1ION /RATV'CON/

I , V, lln laboled COMMON/RATTKCON / all pertain to the rate coefficients

,ir,.aetons.

Ki , AtK, 1K, and CK contain the A's, B's, and C's of Eq. (A1) for the

* :, , , i,.n ireaction rate coefficients.

! '. DK contains the rate coefficients for the 215 chemical reactions at

*1 la:' atiti dle undet- consideration.

S, r-a% ('YIUB contains the alphanuneric equivalence of the 215 chenical
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C1.2.12 COMMON/IONS/

The arrays in labeled COMMON /IONS/ all pertain to the ionization of the at-

mospheric gases.

WAVE contains the alphanumeric identification of the lines or wavelength bands

in the EUV.

FLUX contains the solar flux in photons/cm 2 /sec/, at the top of the atmos-

phere at each of the above lines or in each of the wavelength bands.

SIGMA contains the absorption and the ionization cross sections for 02, N2 ,

and 0, in that order.

R contains the rate coefficients for the eight energetic electron reactions at

the four zenith angles and eight heights listed in Table B22.

The main overlay sets the values of the control parameters before calling

OVERLAY (1, 0). Upon return from OVERLAY (1, 0), the initialization of the code

for the run to be made is completed. The initial values of all of the dependent vari-

ables N, CONC, and U are then saved in extended core storage. Finally, OVER-

LAY (2, 0) is called and retains control until the calculations are terminated.

C:2. ()N\ It !I -\k) (I1.0) !'It;l % 1 i1 A. 1

The purpose of OVERLAY (1, 0) PROGRAM INITIAL is to initialize the code

for the particular run to be made. In the dimension statement-
2

S contains the collision cross sections in cm of each of the species in the

transport mode. This information is required in the computation of the collision
frequencies V.j

I.AIIX contains the ground level mixing ratios for the transport species.

SIG contains the photoicization cross sections for atomic nitrogen for the

lines and bands given in array WAVE. These. cross sections scaled by 1018 are

list,,' in the DATA statement of this overlay.

I.,lwing this DATA statn-wnt are the FUNCTION definitions. The first is

ior tihe, s4 -a lvel value for the, acceleration of gravity as a function of the latitude .

It is eiven hyCi

V) 7.-U 052t m (P) 0-6 2

I vo1 j I0 0.) Sill - 5. x 10 sin (2d)]. (C3)

hi. S(.,,in' is for th,, radius o)f th, earth as a function of the colatitude and the sea
lVv< acre-oi',ation of rakity. It isq aiven byC1

(I . 1,t, i. J., Ed. (1 ''u3) smithsonian Meteorological Tables, Sixth Revised
'1 itio n, %Vashin,,;ton, ).C.
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altitude whose index is IALT. First, this subroutine computes the total concentra-

tion M1 as

5 G

Y(77) =Z n.n i
i=--i*

Thn,, it moves the rate coefficients for the 215 reactions at the altitude ui. -r con-

_idjIration into the K region. Following this, it ensures that the photodetachment

and photodissociation of the negative ions are removed if the code is in the night-

tone.. The remainder of the code computes the P and L for species KIND and

etort.s them in the appropriate FORM and REMV regions, respectively. The bulk

of this -broutine as well as SUBROUTINE CHEMPR were not hand-coded for ob-

li,)is reasons. To avoid the very tedious task of hand-coding these routines every

tvii . the -,lnristry set or the species set is changed, a set of programs was writ-

(.,. to jiwform the task of writing these codes. These programs can be found in

I .I I -I I~iali 'll l: IH V ''('

.l!;I UTINF RATFCN sets the reaction rate coefficients for all the photo-

.: )ts at the altitude whose index is IALT. The first three DATA statements in

s.. : thrtine contain, respectively, the solar fluxes (x 10- 9 photons), the ioniza-

s -ections (x 10 cil), and the effective absorption cross sections
I: fr o(1 as 22

o as iivon by uffman. The next two DATA statements

, [it, altitudes (kin) and the solar zenith angles corresponding to the input

3[ a.",: ,ate, coefficients for the energrtic electrons. Following this is the

A I, e A' tnnt Specifyinlg tLt, rat, coefficient for ionization by cosmic rays. The

e:,, l, statemnt of the program is the FUNCTION definition for the cor-

, ,,l 0o altituth, 77 for tilt sea level acceleration of gravity.

I Hr. 'i.st comitputes all the rate coefficients for the current altitude and

- V ii: in th, )K array. On the initial call to this subroutine, the fluxes and

cins given in the DATA statements are scaled to their proper orders

. i I, aI thi, rat , ,coefficients for the energetic electron processes are

9. . ,il' natural log1arithms. Next, the, noontime values of H x F for 02,

"t'( ,)'lputed and sav(.d for later use in computing the scattered radia-

S i ,11 is 11bo, scal- height of the species and F is the Chapman approxima-

.. } I V OIt1 jli th, ahs )l'ttion. If the code is in the nighttime, then trans-

: . -) , .ateit. nt near the end of the code since all photo processes are

S... , i~ le, ni-,, ht. If the code is in the daytime, then the photo rate coeffi-

'0':t ln et 0 h tor ti, immediate daytime conditions. If the code is in ti,
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where, as before, 2 and I + 1 represent values at the beginning and at the end of

the time step, respectively. The profile of O( 1 D) is computed once from Eq. (C21)
each time that this subroutine is called, with Pk and L used instead of P + 1 and

Lk . Also computed in this subroutine are the concentrations of : (1) all the

positive ions not in the transport mode; (2) all the negative species; (3) all the pos-

Mive cluster ions; and (4) HNO 2 and NO 3 between 50 and 120km.

Eq. (C21) requires the value of the chemistry terms P and L at the end of the

tinm, step which in turn require the value of n at the end of the time step. Since

this is the quantity being determined, Eq. (C21) will have to be iterated. Upon

each iteration, the chemistry terms are computed with the latest values of n. When

the solution has converged, the value of n at 1 + 1 will have been achieved and the

chemistry will have been computed with this value.

At the beginning of each iteration, the value of the concentration at the current

altiti'id, is saved temporarily in the array H. The new value is stored in the appro-

pttiat, c-ll of the F array. To ensure a more rapid convergence of the solution,

th_. val . or the concentration after the current iteration is replaced by the average

val;i i

If F

T1'ln L11- relative difference

i: I:t Il .'o' each sp(eci(es. Ii -he relative change for each species over the cur-

r ,0 -. iton is less than 20 percent, the solution is accepted for that height step

:ii ,, il-ratiins are started at the next higher altitude. If any species has a rela-

I iv -1- , reater than 20 pe-rcent, all the concentrations are iterated again.

!} i-l c i * r 'itl tntil all species have relative changes at all altitudes of

}. :a, p ,.,nt . "}. total numiber of iterations allowed at each altitude is

Ku >. i is ,. i, n , c has |a..a h more than sufficient to generate a solution.

: I: t il,, ji-'tions (,C all the required species have been computed between

... ,,, this s1,'1vititle thin computes the electron concentration between

, :,I ! , , . hmir l 'v f(ont charfe balance.

~ . .I -I II II II t N I IIl-:ll

U ):t II [ t (' I w)nyi:)'Ites the cl1ntities P and L for species KIND at the
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The variable TIMOUT is used to keep account of the next hour in problem time

when a solution will be sent to the output file. The code ensures that this time

will occur exactly by resetting the time step if the current time exceeds this time.

Th t RSFT and PRINT switches are set to .TRUE., and the value of TIMOUT is

incremented by OPRINT to update it for the next printout. When this routine is

txittd, DELT contains the time increment in seconds over which the next solution

vill be made, TIME contains the total elapsed problem time in seconds, and CHII

contains the solar zenith angle in radians at the end of the current time step.
.'i

C3. 12 IM014 TINE %.HElION"

SUBROUTINE CHEMION computes the concentrations of all species in the

ch,,nistry mode. This subroutine also computes the largest negative species

from charge balance. Below 120 km, this could be a negative ion or the electrons.

Ahov,, 120 km, it is always the electrons.

If the divergence of the flux in Eq. (1) is set to zero, then that equation can be

,. ritten as

(i .1)

_ . - nL. (C19)(It t I. i

1F.',, ,)f:lvnient choices exist for solving these ordinary differential equations.

'hNV ,'an he solved using the Kutta-Merson numerical integration scheme available

ii - BIOIJTINE ODE, or they can be solved using simple finite differences. Since

1P iWh tmore computer time is required to solve the equations by the Kutta-Merson

.c~ntm, and since it is grenerally a minor species whose concentration is being com-

,,i, ih, more economical finite differences are used to solve Eq. (C19). Writing

-q. (1 ') in finite difference notation at level k gives

S n +1(C 20)ni k i+ I j 4 1 j + 1

At n k k Lk

Th. uentration k at the end of the time step is then

LF
";  1 = nk k (C21) '

1+

k+ t 2  k 1 -( 2 1
k
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(3.8 sI D(1 T[IN I E (

SUBROUTINE ODE solves a set of N ordinary differential equations using the

Kutta-Merson numerical integration scheme. This program is explained in detail2

else\01h-1c. The solution is taken over the altitude range DZ starting at altitude

SZ. The solutions are returned in array START.

.3.') 1 I ' 1Ki' I11"

SUBROUTINE RHS is called by SUBROUTINE ODE to supply to ODE the values

of the right hand sile of Eq. (42). The values are computed at altitude ZE using

the intermediate values v computed in SUBROUTINE ODE. The results of the

,,valuation are returned in tie array SLOPE. The intermediate values at altitude

Zr. ar', COn 1 )UI]d using the linear' interpolation coefficients derived in SUBROUTINE
vi: LOCIT V.

I).1()(;'TINE' COLFRE computes the sun of the collision frequencies (SNU) of

H.-' .[t} all the other spocies at the altitude whose index is j. It also com-

pt,;,-4 t!, ,antitis V V.. w. rquired in Eq. (22) for species i. In addition, it sets
] J

ti',i values o1 omega (OMEG) in Eq. (17). OMEG is computed from Eq. (10) if i re-

p r eenals n ion, and is set equal to unity if i represents a neutral species.

:;.II , l",F 1 ItI{ ) II I: 'H 'I

1K',, for doubling of the time step after a successful integration and halving

,:. -'.p on an error, all changes to the time and the time step arc done in

SIii N)!FINI .' TIMITR. Tius subroutine decides whether or not the next integration

L ',ii at a print st(,p. It also determines if the nex-t time step will be in the day-

Po,, ,ill!e ih', or in morning or evening twilight. The code advances normally in

1it i.,ii tis slhroutinle determines that the sun is about to rise at the upper

)I' is ahorit to set at the lower boundary. When either of these situations

i-- ,iaipn, this subiroutine adjusts the time step so that the next integration

,,,,il a' h 'rinnine of 1rrnrrin- or- evening twilight. During these twilight pe-

'is, , , ,,,ntrations of soin, of the atmospheric species change rapidly.

. ,, - f 1o , 0 h eo1' to redLlCe the time step to successively smaller and

-valr.-V ',fot a solution can he accepted. To avoid the large amount of

H, I i't I 1'-,(ui'red to accompoish this, the code automatically reduces the

, V , se,. , s with the onset of morning or evening twilight. The

S . . ' >1T controls this. The time increment is then allowed to double

', ( r A ,1J INFV( after each successful integration until it reaches TMAX,
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nj + 1 < 100.
n.i

If the ratio nj+1 /n > 100, the velocity is set to zero at that altitude.

j

113.7 StIBROI TINE VELOCITA

SUBROUTINE VELOCITY sets up the parameters required for computing the

upper boundary value of the velocity of species i. In order to use any numerical

integration scheme to solve Eq. (42) for the velocity w at the upper boundary, some

means of interpolating values of n, P, L, and dn/dz between the upper boundary

and one step below must be provided. What is used here is a simple linear inter-

polation:

II = azK + b

(C17)

nK- I azK- 1+b

S()king the.se equations for a and b gives

nK n K - 1a =

AZK

nK - I zK- nK'K- (C18)I) = (C18)__ __

-zK

'111- fn'tin Iti 'i:litin . At tHie (ginning of StI l T NI : \ - CITY, AF is

lih dn til If I I i(t definition of b. The subroutine then procedes to

,,lnlt( the I and 1 .ffivent for the equations n(AN, BN), IP(A 1, 13 P), and L(AL,

I;[ 1. l,, :w-t Atc,r , in labeled ('OMMON/RHSIDE / for use by SIIM0t TINE RIIS

r. IPhi-; <b1)ralt inc thecn (:' ls St;BROU i _NE ODE to solve the (,rdinarv differen-

'i ] , +tttin-, 1 .,. (42) f(r species i over the last height step.
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the total concentration

26
N ni,

i=l1

the mean molecular weight in grams of the atmosphere

_ = P (C 15)

N

and the mean mass velocity

26

pi wi
0 26 (C16)

i= Pi

The negative ions and the positive cluster ions, which are always very minor spe-

cies, are excluded from the above sums.

4 3.6 *1 IHl N l i ! IH ' lI

For the .ipecies whose number is ICF, SUBROUTINE EFORU computes its E

and F arrays of Eq. (28) if ICF is positive, or its average velocity array from

Fq. (18) if ICF is negative.

The conmputation of the E and F arrays is fairly straightforward. At each alti-

tfide, the A(AJ), 11(13J), C(CJ), and D(DJ) values of Eq. (21) are computed. Then

the 1: and F arrays are computed with the upper and lower boundary conditions im-

The .specific velocities are also calculated in this subroutine since their evalua-

,,, tquit(s much of the same coding as do the E and F arrays. Both computations

d i i;(iiTIN: VI.O('ITY to obtain the upper boundary velocity for those spe-

i, tl:,t wc'( nort assumed to he in diffusive equilibrium there. To avoid unrealis-

'irlIv i r,.e values of the velocities when the concentration is very small, the con-

,,lnt" 0 il Or each species n. and the ratio of n i/n. are investigated at each alti-
-10 J 3 J 3

" I, 1 3 > 1.0 x 10 cm , then its velocity at altitude j is computed. For.1-10
f r . < 1.0 x 10 , the velocity is computed if the ratio

14
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Performing the integration results in

Mg 0  (z -zK)
nK exp - (C12)"- kTK  z

+1 
+

where the subscript K refers to quantities at the upper boundary. After the concen-

trations have been extrapolated to 500 km, the actual smoothing routine is called,

where the profile is smoothed with a 7-point running mean. At this point, the code

continues to loop back until all the required smoothing is accomplished. If no ion

profile was smoothed, the subroutine is exited here. If at least one of the smoothed

profiles was a positive ion profile, then the negative species must be readjusted to

ensure charge neutrality in the atmosphere. Below 120 km. the largest negative

.sp,,cies is recompuLed from charge balance.

n. J n (C13)I 3J j#i ~

'.uve 120 km the electron concentration is recomputed from

n = En.

3 :.I1 l [M l I1,NV. ~ t! l

SItDROUTINI; SMOOXTH , *omipits the smooth array B corresponding to the un-

wthed AlY A. i ith 'Arrlv. contain N points. M, which must be odd, is the

(, r ( " nt in f tit, tiuiiiinc me in. In this smoothing routine, the beginning and

'ilk l ! t 'i llt' W , i n h , t

4 ~ I I~~iPI I I NI4

1,11 :-, , Pf, 1 ,,,,i',im t the index 1, StU ROIJTINE CO computes the

elil -IIV

Z (C 14)
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assuming the concentration is in diffusive equilibrium above the upper boundary.

4That is,

dpdp= -P g (C6)

or

d (nkT)
dz nmg (C7)

which reduces to

1 dn 1 dT ME (C 8
n dz T -z- (C8)

It is also assumed that above 400 km

dT = 0.
dz

Therefore, Eq. (C8) becomes

1 (n - mg (C9)
n dz kT

An approximation to the acceleration of gravity at any altitude Z can be written

9
go goll

-- (C10)

+ (R +z)

%er(, g is t! sea level value of the acceleration of gravity and R is the radius of

the earth. I' sing Eq. ((W10) and the assumption that the tenierature is constant

,ve the tipper boundary, the solution to Eq. (C9) is

z(n) 11- g0 R df(-zZ) 2  (C 11)
0
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have been computed for the species in the transport mode. It then calls SUBROU-

TFINE; ('IEMION to compute the concentration profiles at the end of the current time

step of all the remaining species. After all the new concentrations have been com-

puted, the code then calls SUBROUTINE EFORU to compute the average velocities

for those species in the transport mode.

Following this, a check is made to see if the solution for any species has con-

verged at all altitudes. That is, is its largest relative change less than ERSPECI.

If so, its IWIICH switch is set to zero and its ITER counter set to the current

iteration number. The equations for this species will be skipped on the next itera-

tion of the equation set.

A check is then made to see if the largest relative change among all the species

i, less than ERRMAX. If so, the iteration loop is exited and the solution accepted

for this time step. If not, transfer is made back to the beginning of the DO 130 loop

for the next iteration.

When the solution is accepted, the code then asks whether or not this solution

should be sent to the output file. If printing has not been requested (PRINT=

FSAIS1. ), transfer is made to that section of the code where the time step is

dhoubled if possible, and the new concentrations and velocities are saved in extended

core storage. Transfer is then made to STATEMENT 1000, where a new solution

is _cnerated over the next time step. If the solution is to be sent to the output file,

thie ode then calculates all the subsidiary parameters to be printed out along with

tl( concentrations and the average velocities. The code at this point is fairly ex-

p)li(it s,- to which quantities it is computing and sending to the output file. When all

h,- information has been sent to the output file, the code then writes an interrupt

file, on Tape 4. This file contains all the information necessary to restart the

Cld, :ai this point at some later time. Since the development of a complete time de-

,nrient soilution takes many hi(urs of CDC 6600 CP time, it has to be accomplished

'n ,iinv short runs (about 4 hours eac-). The code is restarted from Tape 4 each

- I()()'IIY controls the srnoothin, of those profiles that PROGRAM INTEG has

. ,l'c lne shdould ne smo( lhed. If no profiles are to be smoothed (NUM=0), then

tw .- uLhi',t leim is exited immediately upon entry. Because of the nature of the

A tlliTr process, it is necessary to extrapolate the concentration profile above

~a , ,~ I M)tIndary. The altitude above the upper boundary to which the extrapola-

fi,,n i,4 1i should be far enough away so that the effects of the smoothing at the top

, ' aia are not felt at the upper boundary. In this code, the profiles are ex-

, ,l, ito 500 km in l=km=height steps. The extrapolation is accomplished
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s.olution. 'his may be a new solution over the next time step or another try using

*a simaller tine step because an error was encountered.

The code then saves the time, the solar zenith angle, the day-night transition

heiglht, and the day and night logical switches at the beginning of the time step. If

ai crror is encountered later, these parameters will have to be reinitialized. The

- then calls SUBROUTINE TIMER to compute the time and solar zenith angle at

tho en(d of the current time step. It then sets the JLOOK switch depending upon

wlihether it is (lay or night. Following this, the IWHICH switches are all initialized

!- ,iAty and the ITER locations to 999. Then, since the equations for helium will

not hie solved in this calculation, its IWHICH switch is set to zero.

-The statement DO 130 is the beginning of the iteration loop. The loop beginning

with the next statement is taken over all the species in the transport mode. The

,.qui:tiorns will be solved over the altitude extent for each species in succession. On

':w p: aass through the loop, the quantities

l ne  1 Ane = nej- nej

i n. AZ nej AZj (C5)

r w2!Iputed and saved in the working array H. Next, the altitude dependent rate

,it are computed using the current atmosphere and the values saved in ex-

ctw, , oro s torage. If the JLOOK switch is on .TRUE., then the photodissocia-

i ,(o i ,, coe(fficients are sent to the output file. If any of the concentration pro-

ir h.i smoothing4, this is done next and an acknowledgement is sent to the output

>1,,. T'r iain internally consistent, it is necessary now to recompute the velocity

'i "D.ose species whose concentration profiles have been modified by

-:, I, ttii . \11 thc cwncentratiotn- an( velocities are then saved in extended core

1 l'tL'.

I . I(, then l ring-s into memory the values of the concentrations and veloci-

i, C i(i it- ct rrent species at the beginning of the time step. It then proceeds to

. . O w (-oncentration profile in the )O 100 loop. It also saves the largest

* ,, (~.~ (,tlU for this s pecies in the BiGEICST region. The relative change is

.1

I:, ,,I, Ion Iilops . hack to solve the continuity equation for the next species in

\\', hii ,,m rde l exits at 105 ('ONTINIi,:, all the new concentration profiles
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NS!EC is an array containing the order number from 1 to 56 of each species

whose concentration is to be smoothed before the iteration procedure is started.

the variable NUM indicates how many profiles are to be smoothed. If NUM=O, no

smoothing will be done.
Two new labeled COMMONs are defined in PROGRAM INTEG.

C13. ILablehd COMMOIN/IAA;I(/

All the parameters listed in Labeled COMMON/LOGIC/ are logical variables.

NIGHIT is . TRUE. whenever the entire altitude region between the upper and lower

boundaries is in darkness. Otherwise, it is .FALSE..

DAY is .TRUE. whenever the entire altitude region between the upper and

Niwer boundaries is in daylight. Otherwise, it is .FALSE..

Both NIGHT and DAY variables are . FALSE. when the sun is rising or setting

and only part of the altitude region between the upper and lower boundaries is in

darkness.

JI{O0K is set to .TRUE. to send to the output file, before the iteration begins,

a table of the altitude distribution of the 02 concentrations, the 02 column densities,

the 0-; '(m)centrations, the 03 column densities, and the rate coefficients for all the

ph,tudissociation reactions. If J[,OOK is . FALSE. , this table is not printed.

t1IKSI-CT is set to .TRUE. in SUBROUTINE TIMER whenever the time step has

1ecll P(ICOmputed because the next solution will be sent to the output file and the

mteriipt file.

I N 1) is set to , TRUE. whenever the computations for the current run are to be

3 '.'2 I.alhch-ol ON()IMOlN,' 0t1,1 11

Pt, ,LaiIle(I COMMN/('OIUM/ c'nntain. information pertaining to the photo-

li -.... ,ition rate coefficients.

_()!, is used to transfer the 09 column density from SUBROUTINE DISSOC

I I;H l TINI: RATELCN.

WW '() , is used to transfer the 0 3 Column density from SUBROUTINE DISSOC

I. I TIN1: I ATE('N.

.- the irra.v where the photodissoeciation information is stored in SUBROU-

lIl R II'(N for printing in 1ROGH\A I INTEG. To avoid excessively long print-

- nlv very twelfth altitude value between the lower and the upper boundaries

1-)ft'l*( inl thes'.e arr:iv.

,M)(MHAM INTI:(; s tarts 1w)v initializing some of its variables. STATEMENT

jill I \l' IN I 1. marks the heurinning of the working code. After every successful

r -{'.-o1 Slutioin, tl' ode will 1hop back to this statement to begin the next

1.3!



and (W) This overlay use.mi two DIMENSION statements that contain the following
variahiles:

I'MfI is an array FQUIVALENCED to the array U(1, 21) and is used as tempo-

rary :otoral, of the total flux 0 of each species during the printout phase of the

'()d . The array U(l, 21) would normally contain the velocity profile of helium,

)it, since this species is held invariant in these calculations, these memory loca-

tions are available for other uses.

I),I) i.s an array EQUIVA.ENCED to the array E in COMMON. It is used as

timporary storage of the turbulent diffusion velocity of each species successively

SLlring the printout phase of the code.

I)IDZ i.s an array EQUIVALENCED to the array NZERO and is used as tempor-

*ry storage of the vertical gradient of the turbulent velocity for each species during

et, printout phase of the code.

VAR is an array IKQUIVALENCED to the array F and is used as temporary

* -t rag (of the molecular diffusion velocity of each species during the printout phase

Of the. de. The molecular diffusion velocity of a species is equal to its average

,:elo.tv minus the mean mass velocity.
40

11 is an array used in various places in the code for temporary storage of

a r r iV .

()I T ' contains four words each of which contains one hollerith character of

th(. hoctl time in hours. It is computed by SUBROUTINE HOUR.

[WtI('il is an array of integer switches, one for each species in the transport

mc,,. If a switch is set to 1, the equations for that species will be iterated. If

the, switch is set to 0, the equations for that species will not be iterated. If IWHICH

(:21' is set t(, 0 before entering the iteration loop, the concentration of helium will

rcmain fixed at its initial value throughout the calculations since its equations will

not he iterated.

I'lIMR is an array that stores the number of iterations required by each of the

.si. s f (,oualions before a final solution was obtained for a given time step.

KI(;IKaT is< an array that contains the largest relative difference in each species

cr11 (,rilah ito profile. It contains the maximum value of

I

in i orv t- i- varies frorm the lower boundary to the upper boundary. This array

*i-> rc ])l ( ]i alfter ech iteration.
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given time. The first file, which is slightly different from all the others, must be

prepared before this code is first run. It contains the initial conditions on all the

dependent variables. (See the discussion on the initial conditions in Section 7. 1.)

Since this is an unformatted file, it must be written exactly as it is read here.

First, it reads the date that the first file was written, the file number (1 in this

case), and the height in kilometers of the turbopause. It then skips over six words

in the file that are not necessary to the current calculations. Then it reads the

number of altitude steps in the complete arrays (K = 692), the number of altitude

steps in the reduced arrays (K2 = 424), and the altitude array in kilometers. After

this, it reads the height step array, the fixed temperature array, the array

I/T cIT /dZ, and the fixed turbulent diffusion coefficient array. Next, it reads the

initial velocities and initial concentrations.

In the following loop, the remainder of the interrupt files are skipped over and

the tape is positioned at the beginning of a new file. At the completion of this loop,

the locations containing the dependent variables will have been updated with the

values obtained after the last successful solution. These values are then used as

initial conditions for the next time step.

* All files after file 1 on the interrupt tape are written in OVERLAY (2,0). Care

itmust be taken not to writ(, so many files on Tape 4 that it becomes full. Before

this happens, a new Tape 4 must be made containing file 1 and the last file from

the old Tape 4.

After the dependent variables have been initialized, the code initializes the

solar zenith angle to the current time and computes the noontime solar zenith

angle. It then reads from input Tape 5 and, where required, cony. rt. to proper

utits the wavelengths, solar fluxes, and absorption and ionization cross sections

1o 1,, used in the photoionization calculations. Finally, from this same file, it

rkads the orate coefficient arrays for the energetic electron reactions. All that re-

mains now is the calculation of the suns(t (su1nris() solar zenith angles as a func-

lion of altitude. Also calculated are th, times of sunset at thu lower boundary and

()f siinise at the upper boundary.

\htIn all this initialization is complet e, the conc,.nt ration profiles correspond-

.i no, to the initialized time areo wriiten to the output file. Finally, the current value

ili. vai'iable TIMOUT is writt(,n to thu outipit fil, in ease the frequency of the

* .0 .l .0 solutions is to bi changemd for the next run.

)%'III I,A Y (2, 0) contains all tht, prog rams that act uially solve qs. (1), (7),
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RADUS (GRAV, op)

2. GRAV

2.27 x 10 cos (20) - 2 x 10 cos (40) + 3. 085426 x 1 (C4)

Next, the constants in labeled COMMON/CONSTAN/ are defined. After this,

'1e constants for the particular solution to be generated are defined.

CLAT is the latitude in degrees.

DI"CL i.s the solar declination for the time of year when the calculations are to

), made.

._ DIP is the magnetic dip angle appropriate to CLAT.

- N,-xt, the acceleration of gravity, the radius of the earth, and the constants

... ,Irked for later computing the solar zenith angles are computed. Information

4 p i .tai:inii to the current calculations is then written to the output file (Tape 6).

Ili,, next section of this OVERLAY sets the chemical symbols along with the

a, oriC or molecular weight, the mixing ratio, the collision cross section, the po-

aCi,,aLbilty, and the thermal diffusion factor for the 26 transport species. Follow-

ihis thu symbols for the species computed from chemistry only are written.

:n,, ali or molecular weight of each species is then converted to mass in

Tl ground level mixing ratio of N2 is computed to ensure that the sum of

*Lt tie iijixing ratios is identically unity. The mixing ratios of the species are not

*s..ar' for the code described here. However, if other initial conditions are to
B

.i,,;JW!(A as discussed in Keneshea et al, then the values of the mixing ratios

T .)Iio\ ing section of INITIAL obtains input information from various

... . c list of chemnlical reactions with their rate coefficients must u.' pre-

, irat,,ly and saved for us,. here as the tile called Tape 5. This inforrna-

:, ( -)d- hi according to the FORIAT defined in statements 770 or 771, depend-

S , ietIwr the reaclion is not height dependent (770) or is height dependent

I,;1 :) -- t ii t' ,actions ar( read in, they are also sent to the OUTPUT file (Tape 6).

* c, ailion set is read in, the code reads in the photodissociation rate couf-

(Tables B4 1.11oU-h 1B20). All values in these tables are in log base

.at,es also are coriputed and saved separately. Since these num)b'rs

us. ',,otl ov of the 02 and 0 3 column densities, they are universal. Tht.y

S, . nip',ited only M' and can tln) ht input to any calculation re-ardless of
ii I,'ation, season of the year, or time of day.

I pliotodisso(eiatiun rate coefficients are initialized, the invariant part

. li,-ion frequnci 0s viJ are com puted and saved in the 1) array.

'i , si,.tion of the cdet, reads the, interrupt file Tape 4. This tapf, is

S. *., , i iil , each containinc the solution for all the dependent variabl, s al a
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morning or evening twilight periods and the current altitude is below the day-night

transition altitude, then the computation of the rate coefficients is skipped. Other-

During the daytime, SUBROUTINE DISSOC is called for the computation of the

photodissociation rate coefficients. These are then stored in the proper cells of

thie DK array. If the JLOOK switch is on .TRUE., these rate coefficients along

with the concentrations and column densities of 02 and 03 are stored in the DIS re-

(,pion for later printing in the output file. Following this, the rate coefficients for

the energetic electron reactions are computed. The values in the tables are inter-

polated to the current solar zenith angle and altitude. Next, the column densities

of 09, N2, and 0 at the current solar zenith angle are approximated. These col-

umim densities are then used to compute the EUV attenuated flux at each wavelength.

T11, rate coefficients for the photoionization processes are then computed. All

: < TV radiation below 0. 15nm is considered to be X radiation, which is handled dif-

fir(,nrlv fcom the longer EUV radiation. The total x-ray ionization is computed and
19

P)a'ttioll' among the species according to Swider. Finally, the total EUV rate

c(),efficicfnts are computed as well as the rate coefficients for the ionization of

* nitric oxid(, hy L-yman alpha and the ionization of 02( 1Ag).

if the code is in the nighttime, the above computations are skipped and the

d(,(n cntinues from this point. The contributions of the scattered radiations to

tl;,. ionization rates are computed next. Finally, the contribution of cosmic rays is
Ivided into the rate coefficients and the subroutine is exited.

3.I N ( H N ) I NTn

1 1 NCTION YINT performs Interpolation where it is required. This function

0 ssnt :liaLIy 20 iiputes a cubic spliiw fit to the parameter under consideration. It
, ''0 t U ns the interpolated value in YINT corresponding to XII in the (X, Y)

,()1,T'Nl', ClAPIAN computes an approximation to the Chapman function,

A , lii,- is r p !'td in computing the attenuation of solar energy in its transmission

0 1 '{ K 1 at mospere. The approximations computed are those given by Swider
C2

* I'. *w ,,, .. 1t., arnd Gardner, M.E. (1967) On the Accuracy of Certain \p
-'":',,i ,,i, or t (haprnan F'unction, AFC1RI,-67-0468, AD 653826. -
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(A.. I St S I 1 I01 'I N i )ISSO(

StUBROUTINE DISSOC returns the value of the photodissociation rate coeffi-

cil,,ts appropriate to the current solar zenith angle and the altitude whose index is

IAL,'T. The rate coefficients for all species except nitric oxide are determined as

follows: The column densities of 02 and 03 are first approximated foc- the current

0, and 0 3 concentration distributions in the code. A linear interpolation is then

made in the appropriate photodissociation table to determine the current photodis-

sociation rate coefficient for each of the photodissociation processes. Finally,
C3iisin the data of Cieslik and Nicolet as given in the DATA statement of this sub-

-outine, the photodissociation rate coefficient for nitric oxide is computed.

1, II It \iI'IoN TI'1t1'1'2

itUNCTION TR PLT2 interpolates in the two-dimensional photodissociation

ral -oefficient tables. The two-dimensional array to be interpolated is fed to

th L. :itinri through the parameter ARRAY. The dimensions of ARRAY are (N, AI).

Tilt, ;Idicus of' elements in ARRAY are 102 and 103. The increments required to

P tcit'Iit the interpolation are DELO2 and DELO3.

:1). P) 1 N,( IIN 1BIPI "rTI

I-'iNCTION TRPLT1 interpolates in the one-dimensional photodissociation

rat L-),fficiont tables. The array to be interpolated is fed to the function through

tlw pi;wc nt,,r AIl, Y. The index in ARRAY is 103 and the interpolation increment

I i. [t,)7).

4 3.20 l l II NOi IN1)1.\

SV;O()JTNI;' JNDKN computes an index I and an increment DEL corresponding

tt, tli,, ciLuumn dtnsity COL. LI.M is the lowest power of 10 of the column densities

1 ( .)iii! d)., in the photodissociation tables under consideration.

S;. 1'-I IM1N)1 VINVl. ( II,11 '11

!j:1i 1 $i:,h. rjj()JTINF CHIIMPR is called, it sends to the output file the

W I l.t- list of chewmical reactions for the altitude whose index is IZ. It also

!h t-,iW , k,t'fi-iont for each reaction and its forward rate. This subroutine,

*rittn hy th, \%% ITI'H codes given in Keneshea. The output from this

S:,) tl.. i S 1,,,t to (detormine the trelative importance of the chemical reactions

I i aIt it I LI lt. io 11

C. ',it, .,and Nicoht, MT. (11'73) The aeronomic dissociation of nitric
*, an,,t. 21: 7)25-938.
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C..22__ S"1 111101~ IN E I101 It(

SUBROUTINE HOUR converts the value of TIME, which is in accumulated

seconds from the noontime of the day on which the simulation was started, to the

local time in hours (0000 to 2359). The digits of the hour are returned in hollerith

in successive words of the OUTP array.
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